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Abstract 
 
This work investigated the design of a novel polymerizable lyotropic liquid crystal 
based on a long chain imidazolium ionic liquid. Use of a polymerizable counteranion 
was explored, because it was believed that crosslinking via the counteranion would 
not disturb the alkyl chain bilayer configuration required for future incorporation of 
protein-based ion channels, such as cyclic peptide nanotubes. The phase behaviour of 
this novel polymerizable LLC, 1-hexadecyl-3-methylimidazolium acrylate, 
C16mimAcr, was characterized and compared to that of its well-known LLC chloride 
analogue, 1-hexadecyl-3-methylimidazolium chloride, C16mimCl. The C16mimAcr 
system exhibits more complex phase behaviour upon water addition than that of the 
C16mimCl system, with the formation of additional liquid crystal phases at 20 °C, 
including a hexagonal phase and a discontinuous cubic phase (of Pmn symmetry). 
The presence of these additional mesophases is likely attributed to the strongly 
hydrating nature of acrylate anion, causing an increase in the headgroup area. 
Substitution of co-linker for water in the C16mimAcr/water (35/65 wt.%) system was 
investigated, because a co-linker is required to produce cross-linked polymers. The 
linkers investigated for this study were: poly(ethylene glycol) diacrylate (PEGDA), 
poly(ethylene glycol) dimethacrylate (PEGDMA), 2-hydroxyethyl acrylate (HEA) 
and 2-hydroxyethyl methacrylate (HEMA). In most cases, incorporation of up to 20 
wt.% co-linker did not have a significant impact on the discontinuous cubic phase 
(Pmn symmetry) initially observed in the C16mimAcr/water system, although it did 
decrease the lattice parameter. The reduction in unit cell size likely indicates that the 
co-linker is mostly solubilized at the headgroup interface. Interestingly, a phase 
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rearrangement towards the formation of a hexagonal phase is observed with 
incorporation of HEMA co-linker.  
Additionally, it was found that the photo-polymerization of almost all 
C16mimAcr/water/linker systems containing 20 wt.% co-linker results in the 
production of self-standing polymers, with the exception of the HEMA system. 
However, the substitution of 10 wt.% of HEMA by PEDGMA co-linker allows 
fabrication of a self-standing polymer, which preserves the hexagonal phase that was 
present pre-polymerization. The polymerization kinetics of the different systems 
follow the sequence: PEGDA system > PEGDMA system = HEA system = 
HEMA/PEGDMA system >> HEMA. The difference in polymerization kinetics 
could be attributed to either difference in liquid crystal phase present pre-
polymerization or difference of reactivity between the acrylate and methacrylate 
moieties attached to the co-linker. Unfortunately, characterization of the liquid 
crystalline phase present post-polymerization in the PEGDA system and 
HEMA/PEGDMA system shows that phase rearrangements are occurring during the 
photo-polymerization process, resulting in the formation of two lamellar phases with 
slightly different repeat distances, regardless of the liquid crystal phase present pre-
polymerization. In situ SAXS polymerization analysis carried out on the PEGDA 
system indicates that the phase rearrangements observed during photo-
polymerization are probably because of a reduction in the headgroup area, likely 
caused by the crosslinking of the acrylate moiety. 
Finally, the impact of incorporating non-UV-reactive molecules (cyclohexane, 
octane and dodecane) into the LC formed by the PEGDA and HEMA/PEGDMA 
systems on the structure retention of these systems post-polymerization has been 
investigated. Prior to polymerization, a phase rearrangement towards the formation 
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of an inverse discontinuous cubic phase (Fdm symmetry) is observed in most cases, 
with the exception of the HEMA/PEGDMA system, where the incorporation of 25 
wt.% cyclohexane leads to the formation of a biphasic system comprising a 
discontinuous cubic phase (Imm) and a cyclohexane-rich phase. Interestingly, this 
biphasic system shows some degree of structure retention post-polymerization with 
the preservation of the discontinuous cubic phase, although its symmetry has 
changed from Imm to Pmn. It was hypothesized that the cyclohexane-rich phase 
present in this system pre-polymerization acts as a “protective layer”, helping 
structure retention during the photo-polymerization process by limiting the 
deformation and opening of the spherical micelles present in this system. 
Unfortunately, the incorporation of non-UV-reactive molecules does not appear to 
improve the structure retention of the other lyotropic systems studied, where a single 
homogeneous phase is present pre-polymerization. 
In parallel to this study, the alignment of hexagonal phase using amine-
functionalized surfaces was also investigated. Macroscopic perpendicular alignment 
with respect to the amine-functionalized surface plane could be achieved during 
passage from the order-disorder transition using relatively slow cooling (1 °C/min). 
A randomly oriented hexagonal phase was produced using untreated surfaces under 
similar heat treatment conditions. An extra isothermal step around the order-disorder 
transition improved the degree of alignment. Finally, the impact of sample thickness 
on the degree of alignment was also investigated. A decrease in the degree of 
alignment was observed as sample thickness was increased. It was hypothesized that 
increasing sample thickness would also increase the gap where the nucleation of 
unoriented hexagonal ordering could occur. 
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1.1  Energy and environment-related issues 
Our current society and way of life is extremely dependent on mankind’s energy 
production to maintain prosperous economic development.1 The standards of living 
offered by most developed countries would not be feasible without reliable and 
continuous provision of power, water, transport and fuels for industry. Mankind’s 
energy demands are mainly dictated by population growth and gross domestic 
product (GDP) growth. In 2010, the United Nations projections estimated that the 
global population will grow from about 7 billion today to 10.1 billion in 2100.2 Such 
population projections raise the problem of the growth of future mankind’s energy 
demands, and thus, the amount of energy resources available to meet this increasing 
demand. Since the Industrial Revolution, our society has relied on fossil fuels for its 
energy production, because of their convenient forms and accessibility.1 In 2012, 
according to the International Energy Agency (IEA), fossil fuels provided 81.7% of 
all primary energy supply in the world with oil accounting for 31.4%, natural gas for 
21.3% and coal for 29.0%.3 In contrast, combustible biomass, nuclear power and 
hydroelectric power accounted for 10.0%, 4.8% and 2.4%, respectively.3 The faster 
extraction rate of fossil fuels compared to their replenishment rate means that they 
are finite and non-renewable resources, and thus raises the issue of depletion of fossil 
fuel.4 The notion of natural resource depletion is not a new concept; in 1956, Hubbert 
was one of the pioneers to describe and predict the production curves of finite natural 
resources, also known as the “Hubbert peak theory”.5 In 2010, the Intergovernmental 
Panel on Climate Change (IPCC) published a Special Report on Emission Scenarios 
(SRES), describing 40 different scenarios.1 Despite the finite nature of fossil fuels, 
none of 40 scenarios contained in the SRES 2000 report forecasted a decrease of 
fossil fuel dependence of our society. In contrast, from year 2010, a 50% to 400% 
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increase in the world total primary energy production from fossil fuels was projected 
by 2100.1 Despite the fact that depletion of most of the ultimate reserves of 
conventional oil, gas and coal is predicted by 2100,6 the SRES 2000 report clearly 
disregarded this issue, claiming that vast amounts of unconventional fossil 
hydrocarbons, such as tar sands and gas hydrates, would offset the decline in 
conventional fossil fuels.1 However, the development of technology required for the 
exploitation of unconventional hydrocarbons, and more particularly to reach the 
extraction rate required to compensate for the decline in conventional fossil fuels, 
might not be plausible or happen in time.1 Additionally, the exploitation of 
unconventional fossil fuels is believed to have a larger emission footprint compared 
to that of conventional ones,7 which raises important environmental issues, especially 
since some of the scenarios described in the SRES 2000 report considered 
unconventional fossil fuel as a major part of the future energy production.1 
It is a well-known fact that the release of greenhouse gases (GHG), responsible for 
global warming, is mainly attributed to mankind’s energy production.1 In 2008, 
almost 70% of all GHG (i.e. CO2 and CH4) emissions were attributed to the energy 
sector, with 62% from the combustion of fossil fuel.1 The finite nature of fossil fuels, 
coupled with their significant GHG emission footprint, makes the exploitation of 
those resources not sustainable. Therefore, the development of alternative energy 
resources with lower environmental footprint is imperative. As mentioned earlier, in 
2012, nuclear power, hydroelectric power and combustible biomass combined 
correspond to 17.2% of primary energy supply in the world.3 Combustible biomass is 
considered as an environmentally benign resource because of its neutral carbon cycle 
balance. However, the radioactive wastes generated by nuclear power (e.g. spent fuel 
rods) raise environmental issues, especially when dealing with storage of long-lived 
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radioactive waste. Additionally, the inevitable danger associated with nuclear plants 
remains present, as recently illustrated by the tragic Fukushima nuclear disaster. 
Although hydroelectric power is considered as one of the most energy efficient 
among all the “non fossil fuel” energy sources, with an energy return on investment 
(EROI) of 33.6,8 environmental impacts are also associated with the implementation 
of hydroelectric power stations, such as redirection of river flows and flooding of 
vast areas. Besides these “non fossil fuel” plants, the use of renewable energy 
resources including sun, wind and tide, represents an environmentally friendly 
alternative. Solar power is considered as the most reliable and energy efficient 
renewable energy resource with an EROI ranked from 5.1 to 30.8 The intermittent 
nature of renewable energy, compared to the steady energy output of fossil fuel 
power plants, has limited their use worldwide as an alternative supply for energy 
production.9 In 2012, only 1.1% of all primary energy supply was attributed to 
geothermal, solar, wind and another alternative resources.3 A solution to this lies in 
the development of energy storage devices, which coupled to a renewable energy 
power plant could improve the reliability of these power plant systens.9 
 
A transition towards renewable energy is inevitable for the sustainability of the long-
term future. However, this transition is predicted to be a very slow and challenging 
process,10 largely due to the technological improvements required to offset the 
decline of energy production generated from conventional oil.1 Historically, the over-
all development of a new energy source takes on average more than 100 years and 
almost 50 years for its diffusion phase.10 Taking into account this timeframe, 
assumptions that conventional or unconventional fossil fuels will still be a major part 
of our primary energy supply in this 21st century are not unrealistic. This raises the 
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question about the environmental impact of their extended exploitation for energy 
purposes. As mentioned earlier, in 2008, 70% of all anthropogenic GHG emissions 
derived from the energy sector, in particular the combustion of fossil fuels (i.e. 62%, 
CO2). Carbon emission projections reported by Brecha,11 indicated that CO2 
concentration would reach 500-600 ppmv by the end of the 21st century, 
corresponding to 2-3 °C temperature increase and 30-35 cm sea-level rise when 
compared to the respective level of 1990.11 The CO2 emission projections generated 
by Brecha are far less than those contained in the SRES 2000 report.1 These results 
are extremely alarming, especially since a CO2 concentration of 560 ppmv is 
commonly considered as a “harmful interference” limit for the environment.11 As a 
consequence, intensive efforts have been made in the development of more efficient 
materials for CO2 capture or separation.12-14 Indeed, the IPCC estimated that 80-90% 
of the CO2 emissions from a modern power plant could be reduced by CO2 capture 
and storage technologies.14 However, this additional process, with the current amine 
scrubbing technology (i.e. aqueous solution), is believed to significantly increase the 
cost of the electricity (i.e. 80% for a new coal-fired power plant).13 As an alternative 
to the costly current CO2 capture technology, polymer-based membrane separation 
technologies represent a relatively low cost option.13 The following section will 
briefly present the different polymer-based membrane separation technologies as 
well as their current limitations. 
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1.2  Avenues for research 
As mentioned in the previous section, the development of more efficient selective 
transport membranes for battery and gas separation applications is required to reduce 
the impact of fossil fuel exploitation on the environment and to facilitate the 
transition towards renewable energy.9, 13 By definition, a membrane can be defined 
as a semipermeable material which allows selective transport of molecules from one 
phase to another phase, leading to the separation of molecules.15 This semipermeable 
material could be solid, liquid or even gas, although in practice solid membranes, and 
particularly polymer membranes, are commonly used due to the ease of polymer 
synthesis with specific and desired chemical structures as well as their ease of 
processing.15 
Polymer membranes can be divided into two classes depending on their separation 
mechanism. The first class consists of dense polymer membranes, where the 
separation occurs via a solution-diffusion (S-D) mechanism.15 In dense polymer 
membranes, effective separation is driven by a difference in solubility and diffusivity 
of two molecules.15 A general consensus applied to this type of polymer membranes 
is that permeate molecules which have a similar chemical character (e.g. polarity, 
hydrophobicity and hydrophobicity) to the polymer membrane display greater 
solubility. Additionally, the diffusivity of a permeate molecule is largely dependent 
on the size and the amount of interchain voids within the dense polymer, which is 
related to the crystallinity and/or the degree of cross-linking of the polymer.15 In the 
design of dense polymer membranes for gas separation applications, an inherent 
compromise between diffusivity and selectivity has to be made. Indeed, increasing 
the diffusivity in a dense polymer membrane in order to improve the productivity 
generally leads to a reduction of the selectivity (for example, CO2/N2), as illustrated 
 Chapter One: General Introduction 7 
by a Robeson plot.15 This intrinsic drawback limits the fabrication of dense polymer 
membranes with high diffusivity and efficient selectivity. 
The second class of polymer membrane are porous polymers, where the separation of 
molecules occurs by size discrimination, depending on the average pore size of the 
material.15 Currently, pore sizes ranging from 1 nm to almost 1 mm are commonly 
used in porous membrane systems.15 However, control of the pore size distribution of 
porous polymeric materials in the nano to sub-nanometer range is extremely difficult 
using conventional techniques.15, 16 This consequently affects the resulting selectivity 
of those materials, which is dictated by the largest pore size.15  
Resolution of this intrinsic material engineering issue could come from nature itself, 
where nanotubular assemblies formed by proteins or peptides are commonly used as 
ion transport channels within and between cellular compartments.17 An interesting 
class of material that can form nanotubular assemblies is cyclic peptides (CPs), 
which can self-assemble into a tubular structure via the formation of β-sheets 
through hydrogen bonding interactions.18 CPs are formed via a head-to-tail 
cyclization of a linear peptide sequence.17, 19 A wide variety of CPs that form similar 
tubular structures have already been reported, including CPs comprising alternating 
D and L α-amino acids (i.e. first generation), alternating α and γ-amino acids, and 
some CPs with β-residues.17 The use of different classes of amino acids (i.e. α, β or 
γ-amino acids) allows the functionalization of the internal cavity of these cyclic 
peptide nanotubes (CPNs) with specific chemical functionality. The modification of 
the chemical functionality inside these tubular assemblies offers great potential to 
drive the selective transport of ions and/or molecules. 
For example, typical CPNs consisting of alternating D and L α-amino acids display a 
hydrophilic internal cavity.20, 21 Alternatively, CPNs made up solely or partially of γ-
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amino acids can exhibit a hydrophobic internal cavity, as a result of the introduction 
of methylene moieties into the lumen of the tubular assembly, coming from the 
unnatural, cyclohexane-based, γ-amino acids.21, 22 In addition to the attractive option 
of designing the hydrophilic or hydrophobic character of the internal cavity of CPNs, 
CPNs with a hydroxylated internal cavity have also been reported.23 
Functionalization of the internal cavity of CPNs with diverse functional groups 
opens a route for designing specific CPNs to target selective transport of ions and/or 
molecules. Figure 1.1 shows the chemical structures of CPs with methylene and/or 
hydroxyl moieties extending into their lumens. 
 
Figure 1.1: Chemical structure of CPs containing γ-amino acids with methylene groups (a) and hydroxyl 
(b) moieties extending into the lumen of the CP. 
Furthermore, the inner diameter of CPNs can also be precisely controlled by 
changing the number of amino acid subunits within the cyclic peptide. Inner 
diameters of 5.9 Å to 13.1 Å can be readily achieved by using CPs containing 6 to 12 
amino acids.24 When CPs with less than 4 amino acids, or more than 12 amino acids, 
are used, the backbone of the peptide becomes either too rigid or too flexible to adopt 
the conformation required for self-assembly to occur.24 Figure 1.2 shows the 
chemical structure and inner diameter of CPs comprising alternating D and L α-
amino acids with 6, 8 and 10 amino acid subunits. The control of CPN diameter, in 
HNO
NH
O
HN
NH O
O
HN
NH
O
O
NH O
MeO
HN
O
O
HO
a) b) 
 Chapter One: General Introduction 9 
the sub-nanometre range, is an elegant way to enhance the selectivity of these ion 
transport channels via size discrimination. 
 
Figure 1.2: Chemical structure and internal diameter of CPs containing 6 (a), 8 (b) and 10 (c) α-amino acid 
subunits. 
Despite the great potential of CPNs as selective transport channels, controlling the 
macroscopic alignment of these tubular assemblies into a solid matrix is one of the 
main challenges for the design of selective CPN-based transport membranes for 
applications including CO2 capture, water desalination and energy storage.  
The self-assembly and alignment of CPNs in liposome solution was first reported by 
Ghadiri et al. in 1994.25, 26 Figure 1.3 shows a schematic illustration of CPNs aligned 
within a lipid bilayer. Later on, molecular dynamic simulations suggested that an 
appropriate hydrophobic outer surface of the CPNs is necessary for stable integration 
and self-assembly of CPNs into a lipid bilayer, with, however, a small tilt of the 
tubular assemblies with respect to the normal of the water layer.27 
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Figure 1.3: Schematic illustration of CPN aligned within a lipid bilayer membrane. Reprinted with 
permission from reference [25].25 Copyright (1994) Nature publishing group.  
The transport properties of these CPNs inserted into a liposomal solution have been 
characterized by monitoring the transport activity of potassium and sodium ions. The 
transport rates of these ions (e.g. 2.2×107 and 1.8×107 ions.second-1 for K+ and Na+, 
respectively) have been found to be three time faster than that of the well-known 
gramicidin A ion channel protein in a liposome vesicle under similar conditions.25 
Additionally, the transport of glucose was demonstrated using α-CPN ion channels, 
with an appropriate diameter, in liposome solution.26 However, in the context of 
selective membrane design for applications such as CO2 capture or energy storage, 
liposome solutions are not a viable support matrix, due to their lack of mechanical 
strength. Therefore, a different solid support matrix to align CPNs is required, 
remembering that to achieve alignment, the matrix must have an appropriately 
organized nanostructure. 
 
Recently, the design of a new block copolymer (BCP) membrane containing CPNs 
has been reported by Xu et al.16 Here, the authors used the self-assembling properties 
of a BCP to confine the CPNs into one micro-domain of the BCP, and thus achieve 
perpendicular alignment of CPNs with respect to the membrane plane.16 This was 
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done by synthetically conjugating a polymer to the CPs to sequester the resulting 
conjugated-CPNs into one micro-domain of the BCP. 
 
Figure 1.4: Schematic illustration of CPN-BCP membrane reported by Xu et al. Reprinted with permission 
from reference [16].16 Copyright (2011) American Chemical society 
Proton transport activity of the CPN-BCP membrane was characterized using a pH 
sensitive dye monitored by UV-spectroscopy. The CPN-BCP membrane was shown 
to promote proton transport, while the BCP membrane alone (i.e. without CPNs) did 
not show any proton transport activity.16 These results confirmed that proton 
transport activity was indeed promoted by the ion channel formed by the CPNs. 
Additionally, gas transport characterization on the CPN-BCP membrane was also 
carried out using carbon dioxide and neo-pentane gases.16 Quantitative 
measurements showed that CO2 permeability was higher than that for neo-pentane, 
confirming size-selective transport through the CPN ion channels. This approach 
could be used to design selective CPN-based transport membranes for CO2 capture, 
water desalination or energy storage. However, the method described above (i.e. 
CPN-BCP membrane) may be limited by the complex synthesis route needed to 
conjugate a polymer to the CP to obtain a CP with strong affinity for one micro-
domain of the BCP nanostructure. The conjugation of a polymer to a CP requires the 
use of specific amino acids (e.g. lysine), which restricts amino acid sequence 
modification, and thus, the possibility to modify the internal cavity of CPNs via γ-
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amino acids. This could dramatically limit the selective transport potential of CPNs 
made in this way for use as ion transport channels. 
Recently, the use of a hexagonal lyotropic liquid crystal phase to align CPNs, by 
confining them into the hydrophobic domain of the hexagonal mesophase, has been 
reported by our research group (see appendix 2.3). This method was inspired by the 
alignment of CPNs into the hydrophobic domain of the lipid bilayer of liposome (as 
described earlier). The main advantage of this method over liposome solution is the 
ability to polymerize these nanostructured systems28, 29 to fabricate stable CPN-based 
polymer membranes. Additionally, this method does not require any CP 
modifications, and could potentially be applied to any CPNs, thus enabling task-
specific design of these materials. 
1.3  Thesis overview 
The overall aim of this project is to develop a new class of selective transport 
membranes using cyclic peptide nanotubes and polymerizable lyotropic liquid 
crystals. As mentioned earlier, CPNs offer great potential as ion transport channels 
due to their tailorable diameter (in the sub-nanometer range) and internal cavity 
chemistry. Liquid crystals, and the nanostructures they form, can be used to align 
CPNs and then polymerized to hold them in place. This offers an elegant approach to 
the design of solid selective transport membranes with tailorable ion channels. 
 
This thesis is focused on the design of a novel polymerizable liquid crystal and the 
characterization of the resulting mesophase (i.e. nanostructure) formed by this 
system prior to and post polymerization. The type of polymerizable moiety and its 
location on the liquid crystal molecule has been carefully selected by considering the 
literature reported to date on polymerizable liquid crystals. Additionally, the impact 
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of the location of the polymerizable moiety on the liquid crystal molecule has been 
carefully considered to ensure that the CPNs are able to access the alkyl chain 
bilayers within the liquid crystal mesophases. 
 
This thesis is organized as follows: a detailed review of the literature on 
polymerizable liquid crystals is provided in Chapter Two; Chapter Three contains 
information on the methods and materials used, while Chapters Four, Five and Six 
each represent results and discussion on one of the different research questions 
addressed in the project. Conclusions and suggested future work directions are 
presented in Chapter Seven. 
 
The objective of this study is to design and characterize a novel polymerizable liquid 
crystal system, favourable for the incorporation of CPNs with an ultimate goal of 
developing selective transport membranes. Firstly, the impact of polymerizable 
moiety addition onto a well-known liquid crystal molecule has been investigated and 
its effect on the phase behaviour upon water addition has been compared to that of 
the non-polymerizable analogue. Secondly, the impact of the type and concentration 
of co-linkers on the mesophase formed by these systems prior and post 
polymerization has been investigated. Finally, the impact of non-UV-reactive 
molecules on the structure retention of these systems during photo-polymerization 
has been explored and reported. 
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2.1  Introduction to liquid crystals 
Liquid crystals (LCs) are considered as mesophases, an intermediate state of matter 
sharing properties associated with both liquids and crystals.1, 2 In these mesophases, 
the diffusivity of molecules is similar to that observed in liquids.2, 3 However, in 
contrast to an isotropic liquid, LCs exhibit preferential orientation of the molecules 
present in these systems, with sometimes some degree of positional ordering.1, 4 It is 
important to point out that the degree of ordering is relatively less compared to that 
in crystals, with a typical latent heat around 250 J/g for a transition between crystal 
to liquid crystal, while the latent heat for a liquid crystal to isotropic transition is 
much smaller, typically around 5 J/g.2 Depending on the type of LCs, the spatial 
order could be either on an atomic scale or on a longer length scale through ordering 
of molecular aggregates, which self-organize themselves into a well-defined 
nanostructure upon the addition of a co-solvent.4  
 
Liquid crystals were first divided into two subclasses: thermotropic or lyotropic 
liquid crystals,1, 3 with the classification depending on the parameters causing these 
phase transitions. Further details on the characteristics of each of these two 
subclasses will be discussed later in this chapter. 
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2.1.1 Thermotropic liquid crystals 
Although thermotropic liquid crystals are not the main focus of this research, it 
remains important to define the characteristics of this subclass and the variety of 
mesophases that thermotropic LCs can exhibit. Since thermotropic compound 
represents one of the main subclass in the development of polymerizable liquid 
crystal. 
 
Most thermotropic LCs are pure compounds that can form a mesophase as a function 
of temperature.1, 5 Such mesophases are found between the crystallization of a fully 
ordered state and the melting into a fully isotropic state of a given compound. The 
mesomorphism observed in thermotropic LCs is largely driven by the anisotropic 
shape of the molecules and the intermolecular interactions, such as dipole-dipole 
interactions, van der Waals interactions and π-π interactions.1, 3 The most common 
molecular shapes found in thermotropic LCs are rod-like or disc-like shapes, which 
are called calamitic and discotic respectively.3 Figure 2.1 shows an example of 
calamitic and discotic LC molecules. In addition to these conventional thermotropic 
LC systems, which in most cases are composed of neutral molecules, ionic liquid 
crystals are another class of thermotropic LC systems that contain both cations and 
anions.3 The properties of these compounds diverge from those of conventional 
thermotropic LCs because of the introduction of the ionic groups, which can confer 
ionic conductivity to the material.5 These types of molecules are related to ionic 
liquids, which have attracted a lot of interest due to their remarkable physical and 
chemical properties.3, 6 Thermotropic ionic liquid crystals have a tendency to form a 
smectic A phase (lamellar assemblies), although other mesophases have been 
observed.3, 7-11 Ionic liquid crystals have also been shown to form a large variety of 
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mesophases induced by addition of a solvent.3 This solvent-dependent 
mesomorphism is related to the behaviour of another subclass of LCs, called 
lyotropic liquid crystals. This subclass will be discussed in more detail in section 
2.1.2. 
 
Figure 2.1: Typical calamitic (a) and discotic (b) liquid crystal molecules. 
A classification of the mesophases observed in thermotropic LCs can be made by 
distinguishing the thermotropic mesophases formed by rod-like (or calamitic) or 
disc-like (or discotic) molecules. A schematic representation of the most common 
thermotropic mesophases, including nematic (N), smectic (Sm), columnar (Col), is 
presented in Figure 2.2. 
 
Nematic and smectic phases are usually formed by rod-like molecules, while disc-
like molecules commonly display columnar phases. In the nematic phase (N) there is 
random spatial order of the molecules, but with a preferential molecular orientation, 
denoted ñ. The nematic phase is the least-ordered mesophase formed by rod-like 
molecules. A variant of the nematic phase, called chiral nematic (N*), has also been 
reported.5 In this case, chiral rod-like molecules are organized in a helical fashion 
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(See Figure 2.2b). In smectic phases (Sm), rod-like molecules are arranged in 
lamellar assemblies, with preferential molecular orientation (ñ). In the lamellae of 
the smectic A and C phases, the rod-like molecules are randomly positioned, despite 
their preferential orientation. For the smectic A phase, the molecules are, on average, 
oriented perpendicularly to the layer; in the smectic C phase, this preferential 
orientation is slightly tilted compared to the normal of the layer plane. In these two 
smectic phases, the lamellar layers are not well defined and a curved arrangement 
could occur. The ordered smectic B phase differs from the smectic A phase by the 
presence of long-range orientational order and short-range positional order within the 
layers. The rod-like molecules are arranged in a six-fold orientational order, although 
this orientational order is lost within a few intermolecular distances.3, 5 
 
On the other hand, discotic molecules are usually stacked on top of each other to 
form columnar mesophases. These columnar assemblies can be arranged in either a 
hexagonal or rectangular manner. Although less common, disc-like molecules can 
form a nematic (ND) phase, with the short axis of the molecule parallel to the 
preferential direction. 
 
As previously mentioned, thermotropic ionic liquid crystals usually form a smectic A 
phase, although other unusual smectic phase are found, such as the smectic A2 and 
smectic T phases.5, 12-15 The smectic A2 phase differs from the smectic A phase by an 
extended bilayer arrangement of the alkyl chains. The smectic T phase is specific to 
ammonium mesogens with two axial alkyl chains, with characteristic tetragonal 
layers.5, 16 
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Thermotropic cubic phases have also been reported for rod-like and disc-like 
molecules, although these mesophases are relatively rare.17-19 
 
Figure 2.2: Schematic of the most common mesophases observed in thermotropic LCs. Reprinted with 
permission from reference [5].5 Creative Commons Attribution Licence (CC BY) 
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2.1.2 Lyotropic liquid crystals 
Compounds that can form mesophases upon the addition of a solvent or mixture of 
solvents are called lyotropic liquid crystals (LLCs).1, 4 In contrast to thermotropic 
LCs, which exhibit mesomorphic behaviour as a function of temperature, the 
mesophases formed by lyotropic LCs are highly dependent on the concentration of 
amphiphilic molecules.2 Although the concentration of amphiphilic molecules is a 
crucial parameter, several other parameters, such as temperature and pressure, are 
also critical for the mesophase stability.1, 20-24 Generally, lyotropic mesophases are 
induced by addition of a solvent, such as water,25-30 glycerol25, 31 or formamide,25 or a 
solvent mixture, for example, water/oil species,32-34 water/alcohol,24, 34-37 or in some 
cases other, more exotic/complex solvent mixtures.34, 36, 38 This solvent-dependent 
mesomorphism is mainly driven by hydrophilic/hydrophobic segregation of some 
part of lyotropic LC molecules with respect to the solvent.1, 4 These effects occur 
because of the dual nature of lyotropic LC molecules, which generally possess a 
polar, water-soluble group at one end coupled with a water-insoluble hydrocarbon 
chain at the other end.2 Molecules that exhibit a dual preference from an electrostatic 
aspect are called amphiphilic molecules.1, 2 Typical examples of amphiphilic 
molecules are soaps and phospholipids. Examples of the chemical structures of these 
two types of amphiphilic molecules are in Figure 2.3.  
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Figure 2.3:Two lyotropic liquid crystals: a soap (a) and a phospholipid (b).
Amphiphilic molecules can be classified depending on the type of the polar 
headgroup into anionic amphiphiles (e.g. sodium dodecyl sulphate, SDS or SLS), 
cationic amphiphiles (e.g. hexadecyltrimethylammonium bromide, CTAB), non-
ionic amphiphiles (e.g. pentaethyleneglycol dodecyl ether, C12E5) and zwitterionic 
amphiphiles (e.g. cocamidopropyl betaine, CAPB). Examples of each of these 
classes are shown in Figure 2.4. 
 
Figure 2.4: Examples of the different amphiphile classes: (a) sodium dodecyl sulphate, SDS, (b) 
hexadecyltrimethylammonium bromide, CTAB, (c) pentaethyleneglycol dodecyl ether, C12E5, 
cocamidopropyl betaine, CAPB. 
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Before going into greater detail on the different types of mesophases present in 
lyotropic LCs, it is important to define some key concepts associated with 
amphiphilic molecules when dissolved in a solvent. One of these concepts is the 
critical micellar concentration, CMC, which is defined as the concentration of 
amphiphilic molecules above which the isolated amphiphilic molecules self-
assemble into micelles, to give a micellar solution. It is import to clarify that a 
micellar solution is not a lyotropic liquid crystal phase. Past the formation of a 
micellar solution, lyotropic mesophases could be generated if the concentration of 
the amphiphilic molecules increases (i.e. Camphiphiles >> CMC). Another interesting 
concept is the Krafft temperature; also known as the Krafft point or the critical 
micellar temperature, which is defined as the temperature above which micellar 
solution or lyotropic liquid crystal phases are generated. Below the Krafft point, the 
amphiphilic molecule remains in a crystalline form even in the presence of excess 
water. In other words, the crystal generated below the Krafft point is insoluble in 
water.2 Figure 2.5 shows an example of a phase diagram for an anionic amphiphile in 
water, to illustrate the concepts of CMC and Krafft point. The notation “hexagonal 
phase” and “lamellar phase” in Figure 2.5 refers to lyotropic liquid crystal phases. To 
summarize the main concepts of the phase diagram presented in Figure 2.5: if the 
amphiphile concentration is much larger than the CMC and if the temperature is 
higher than the Krafft point, lyotropic liquid crystal phases can be generated. 
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Figure 2.5: Phase diagram example for an anionic amphiphile in water.  
Molecular aggregates formed by amphiphilic molecules, including those present in 
micellar solution or certain lyotropic liquid crystal phases, can be distinguished by 
their mean curvature;4 they can be divided into normal or inverse phases, also known 
as type I or type II, depending on whether they have a positive or a negative mean 
curvature, respectively.4 For example, for an aqueous mixture of amphiphilic 
molecules, the hydrophobic domains (e.g. alkyl chains and other non-polar solvents) 
are confined in the type I phase, while the type II phase contains the hydrophilic 
domains (e.g. head groups of amphiphile and polar solvents).1 Figure 2.6 shows 
schematic cross-section views of normal and inverse micelles formed by amphiphilic 
molecules. 
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Figure 2.6: Schematic of normal (type I, a) and inverse (type II, b) micelles formed by amphiphilic 
molecules. The blue and yellow colours represent the hydrophilic and hydrophobic domains of the micelle, 
respectively. Blue spheres represent the headgroups of surfactant molecules, while the black lines 
represent the alkyl chains. 
Having defined the conditions required for the formation of molecular aggregates 
and the topological features of molecular aggregates, the different type of lyotropic 
liquid crystal phases will now be introduced. Lyotropic mesophases are divided into 
three main classes: lamellar, hexagonal and cubic phases.2  
 
The lamellar phase, noted Lα, is the most common lyotropic mesophase and is 
usually found at high concentration of amphiphilic molecules.2 The lamellar 
structure is illustrated in Figure 2.7, and consists of a bilayer arrangement of 
amphiphilic molecules with an extended or interdigitated conformation of the alkyl 
chains. A layer of water (or another polar solvent) is located between each bilayer 
unit (See Figure 2.7).  
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Figure 2.7: Schematic of a lamellar phase. The blue and yellow colours represent the hydrophilic and 
hydrophobic domains of the micelle, respectively. Blue spheres represents the headgroups of surfactant 
molecules, while black lines represents the alkyl chains.  
Lamellar phases can be easily identified by small X-ray scattering (or small angle 
neutron scattering), with characteristic diffraction peaks corresponding to spacings in 
the ratio: 1:2:3:4, etc…4 The lattice parameter, a, which corresponds to the repeating 
distance between layers, including the bilayer thickness plus the water layer (See 
Figure 2.7), can be calculated from the position of X-ray diffraction peaks.4 This 
repeat distance gives valuable insight into the conformation of the alkyl chains (i.e. 
extended or interdigitated) and the water layer thickness. 
 
Another technique widely used for the preliminary identification of lyotropic liquid 
crystal phases is polarized optical microscopy. Lamellar mesophases exhibit 
characteristic birefringence textures between crossed polarizers owing to the 
anisotropic shape of the lamellae.4 Typically, lamellar mesophases display mosaic-
like textures or “maltese-cross” textures when the lamellae are folding into vesicles 
(multi-walled liposomes).4 
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The second most common lyotropic mesophase is the hexagonal phase, which 
consists of parallel cylindrical micelles, arranged in a two-dimensional hexagonal 
lattice.2 In this mesophase, the alkyl chains are in a liquid-like state.1 In contrast to 
the lamellar phases, hexagonal phases can exist in a normal or an inverse manner. In 
a normal hexagonal phase, also called “middle soap”, or labelled H1, the 
hydrophobic domains (i.e. alkyl chains or non-polar solvent) are confined inside the 
cylindrical micelles. The normal hexagonal phase usually occurs for water 
concentrations from 30 wt.% to 60 wt.%.2 The inverse case, labelled H2, is the 
opposite, with the hydrophilic domains confined and the alkyl chains pointing 
outwards from the cylindrical micelles. Although the inverse hexagonal phase is 
much rarer than the normal one, this mesophase is present in mixtures with large 
amounts of non-polar solvent or for amphiphilic molecules with a bulky hydrophobic 
part and a small headgroup.1, 2 Figure 2.8 shows a structural illustration of the normal 
and inverse hexagonal phases.  
 
 
Figure 2.8: Schematic illustrations of normal and inverse hexagonal phases. The blue and yellow colours 
represent the hydrophilic and hydrophobic domains of the micelle, respectively. Blue spheres represent the 
headgroups of surfactant molecules, while black lines represent the alkyl chains. 
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Both hexagonal phases exhibit strong birefringence with a characteristic fan-like 
texture under cross-polarized visible light, because of the large shape anisotropy of 
the cylindrical micelles.4, 28, 35, 39 Additionally, hexagonal phases are easily 
identifiable by small angle X-ray scattering (or small angle neutron scattering), with 
characteristic diffraction peaks at spacings in the ratio: 1:√3:√4:√7, etc…4 
 
The third main class of lyotropic mesophases is the cubic phase, which can be 
divided into two major subclasses: discontinuous and bicontinuous cubic phases. The 
discontinuous cubic phases, which are the most well-known cubic phases, consist of 
mostly spherical micelles arranged in a cubic lattice. These mesophases are also 
called “discrete micellar” and can occur in a normal or inverse manner, labelled I1 or 
I2, respectively. Several cubic packing arrangements have already been reported, 
including the body-centred cubic array (Imm), the face-centred cubic array (Fmm), 
clathrate (type I, two distinct micelles, Pmn) and type II clathrate packing (Fdm).4, 
40 Figure 2.9 shows a structural illustration of the discontinuous cubic phase (type I) 
with a Pmn symmetry. Discontinuous cubic phases are usually located between the 
micellar phase and the hexagonal phase for binary surfactant systems.30 
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Figure 2.9: Schematic of a discontinuous cubic phase with Pmn symmetry (i.e. I1). The blue and yellow 
colours represent the hydrophilic and hydrophobic domains of the micelle, respectively. Blue spheres 
represent the headgroups of surfactant molecules, while black lines represent the alkyl chains. 
On the other hand, bicontinuous cubic phases consist of a single bilayer folded on to 
a three-periodic hyperbolic surface, also called triply periodic minimal surface 
(TPMS), leading to zero mean curvature. 2, 4, 41 These types of structures form large 
continuous channelled networks, also known as labyrinths, which can be either water 
or oil continuous depending on the mesophase type (i.e. type I or type II).2 
Depending on the mesophase type, bicontinuous cubic phases are labelled V1 and V2 
for type I and type II. So far, three bicontinuous cubic phases have been reported 
based on three different surfaces: the P-surface (Imm,), the D-surface (Pnm) and 
the G-surface (or gyroid, Iad). These three surfaces are also denoted Q229, Q224 and 
Q230 respectively, by Luzzati et al., who were the first to characterize these 
mesophases.42-44 Figure 2.10 illustrates the bilayer morphology of a bicontinuous 
cubic phase with an Imm space group.  
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Figure 2.10: Illustration of bilayer morphologies of a bicontinuous cubic phase with Imm symmetry (type 
I). The blue colour represents the hydrophilic domain of the bilayer, while the green and yellow cylinders 
indicate the two distinct hydrophobic continuous channel networks. 
Both discontinuous and bicontinuous cubic mesophases are optically isotropic under 
cross-polarized light because of their three-dimensional symmetry, making their 
detection difficult.2 However, these mesophases display characteristic X-ray 
diffraction peaks in the small-angle regions, owing to the long-range order of the 
cubic lattice.1, 4 A summary of the diffraction spacing ratios observed for 
discontinuous and bicontinuous cubic phases can be found in reference [4].4 As an 
example, Figure 2.11 shows a typical phase progression of a type I lyotropic liquid 
crystal as a function of water content.  
 
Figure 2.11: Illustration of a typical phase progression of a type I lyotropic liquid crystal as a function of 
water content.  
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2.2  Development of polymerizable liquid crystals 
2.2.1 Motivations 
As described in section 2.1, both thermotropic and lyotropic LCs display a wide 
range of architectures, which are of great interest for the development of advanced 
polymers with well-defined nanostructures, for potential use in applications 
including membranes, polyelectrolytes and optical technologies.45-52 However, these 
systems have inherently poor mechanical properties, and their nano-organizations are 
extremely sensitive to physical changes.50, 53 Additionally, LC mesophases, 
especially the lyotropic class, can be easily disrupted by composition or temperature 
fluctuations. The lack of mechanical strength and poor nanostructure stability limits 
their use.50, 54-56 One solution to this is the development of a photo-polymerized LC 
system whereby long-range order can be maintained after polymerization. The 
following sections will describe some examples of polymerization of either 
thermotropic or lyotropic LC systems; their potential applications will also be 
discussed. 
2.2.2 Polymerizable thermotropic liquid crystals 
Since the 1970’s, the design of polymerizable thermotropic LCs has gained a lot of 
attention as an alternative approach to prepare nanostructured polymer films with 
anisotropic properties.57-59 The first attempts at polymerization involved diacrylate-
based rod-like thermotropic LCs, with relatively high crystal-mesophase transition 
temperatures (i.e. <180 °C).57 The polymerization of these compounds was thermally 
initiated in either nematic or smectic phases.57, 60 From a practical point of view, 
attempts to lower the crystal-mesophase transitions of these diacrylate derivatives of 
rod-like thermotropic LCs have been made, generally by introducing a spacer 
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between the polymerizable moiety and the rod-like molecular core.57 For example, 
Broer and co-workers have reported the photo-polymerization of a series of acrylate 
and diacrylate LCs, macroscopically oriented using a glass cell with a rubber 
polyimide coating (i.e. LCs were heated in the nematic phase).61-64 In both cases (i.e. 
acrylate or diacrylate derivatives), a flexible hexamethylene spacer was used to 
separate the rod-like core and the acrylate moiety, in order to reduce the crystal-
mesophase transition temperatures of these compounds. The chemical structures of 
the compounds synthesized by Broer and co-workers are presented in Figure 2.12. 
The authors also reported that the photo-polymerization (which is an isothermal 
polymerization process) allowed better control of the final network state of the 
polymer compared to that obtainable with the conventional thermally-initiated 
polymerization.61, 62 Interestingly, the uniaxially-oriented polymer produced from 
one of diacrylate derivative (Figure 2.12, bottom compound) showed no liquid 
crystalline transition up to 300 °C, indicating that the oriented polymer network is 
stable up to high temperature.63 This was not the case for the polymer produced from 
the acrylate derivative, where clear liquid-crystalline transitions were observed.61 
 
Kato and co-workers have designed several methacrylate-based rod-like 
thermotropic LC molecules incorporating ion-conductive moieties such as 
tetra(ethylene oxide) or imidazolium-based ionic liquids with a tetrafluoroborate 
counteranion.47, 65, 66 The photo-polymerization of these compounds in their smectic 
A phase resulted in the production of an ion-conductive polymer with a 
macroscopically-oriented layered nanostructure. These novel ion-conductive 
polymers displayed anisotropic ionic conductivity, with a highest ionic conductivity 
of 10-2 S cm-1 at 150 °C, parallel to the layers.47, 66 
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Alternative polymerizable moieties, including epoxide, diepoxide or divinyl ether 
function groups, which were inserted onto similar rod-like thermotropic LCs, have 
also been investigated.67-71 However, the photo-induced cationic polymerization 
process and the thermal instability associated with these compounds didn’t provide 
any significant advantages in comparison to their acrylate and diacrylate analogues.57 
 
Figure 2.12: Acrylate (top) and diacrylate (middle and bottom) thermotropic LCs described by Broer and 
co-workers.61-64 
In 1990, Drenth and co-workers reported the first polymerization of thermotropic 
LCs containing metal complexes.72 The authors described the polymerization of a 
series of phthalocyanime compounds (i.e. disc-like molecules) substituted with eight 
n-alkoxy chains, each terminated with either an acrylate or methacrylate functional 
group. These phthalocyanime compounds were either unsubstituted (i.e. H2Pc) or 
coordinated with transition metals, such as copper, zinc or cobalt.72 The chemical 
structure of the phthalocyanime compounds synthesized by Drenth and co-workers is 
shown in Figure 2.13. Although all phthalocyanime derivative compounds 
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containing either acrylate or methacrylate functional group exhibit a hexagonal 
columnar mesophase, the insertion of polymerizable moieties at the end of the n-
alkoxy chains has been reported to induce a decrease of the mesophase transition 
temperature.72 
It was reported that the photo-polymerization of acrylate derivatives of the un-
substituted phthalocyanime (i.e. compound 3a in Figure 2.13) was unsuccessful 
because of the strong photon absorbance of the phthalocyanime core.72 However, the 
thermal polymerization of the same compound using AIBN as the initiator resulted in 
the production of a thermally-stable polymeric material with full retention of the 
hexagonal columnar mesostructure.72  
 
 
Figure 2.13: Phthalocyanime compounds synthesized by Drenth and co-workers.72 
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Later, Maldivi et al. reported the synthesis of four monomeric metal carboxylates 
terminated with acrylate functional groups, as shown in Figure 2.14.73 An interesting 
outcome of this study was the lack of mesomorphism for both monoacrylate 
compounds, although the precursor analogues (i.e. without acrylate moieties) were 
reported to form hexagonal columnar mesophases.73 The authors suggested that the 
loss of mesomorphism in these compounds was likely caused by steric effects and 
dipolar interactions induced by the insertion of the acrylate moiety.73 The increased 
dipolar interactions were hypothesised to reduce the disordering of the alkyl chains 
and thus destabilize the liquid crystalline phase. On the other hand, the zinc-
diacrylate compound exhibited a hexagonal columnar mesophase between -21 and 
+63 °C. The proposed explanation for this difference is that 3,4-bis(11-
acryloyloxyundecanoxy) benzoate contains two aliphatic chains, which can occupy 
the hydrocarbon volume more effectively, and thus overcome the steric effects of the 
acrylate groups.73 Successful photo-polymerization of the zinc-diacrylate compound 
in this liquid crystalline phase, with full retention of the hexagonal columnar 
structure (as assessed by X-ray diffraction), has been reported by Maldivi et al.73 The 
authors also reported that the photo-polymerization of a copper-monoacrylate 
compound, in its isotropic phase, was inhibited by the unpaired valence electron of 
the binuclear copper core. In contrast, the isotropic phase of the magnesium analogue 
was successfully photo-polymerized. 
 
Similar observations were made for thermotropic metal complexes of salicylaldimine 
compounds substituted with acrylate functional groups, where the photo-initiated 
polymerization was inhibited by the presence of the copper metal ion.74 The 
inhibition of photo-polymerization by the copper metal ion also seemed related to the 
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polymerization mechanism associated with the acrylate polymerizable moiety.52 
Indeed, successful photo-polymerization of a copper carboxylate complex, where a 
diacetylene functional group has been inserted into the aliphatic carboxylate chain, 
has been reported by Attard and Templer.75  
 
Figure 2.14:  Monomeric metal carboxylates complexes synthesized by Maldivi et al..73 
As an alternative to the use of acrylate polymerizable moieties, the design of 
thermotropic LCs containing a 1,3-diene functional group located at the terminus of 
alkyl hydrocarbon chains has also been reported by Gin and co-workers.76-79 The use 
of 1,3-diene groups as polymerizable moieties over the more conventional acrylate 
groups offered the advantage to reduce the phase disruption effect caused by the 
insertion of these polymerizable moieties.76, 77 Thermotropic LCs with 1,3-diene 
aliphatic chains can be polymerized by either thermal or photo-induced 
polymerization. However, thermal instability of the 1,3-diene functional group has 
also been reported to cause thermal dimerization and polymerization side reactions.76 
Despite the destabilising effect of the acrylate group on liquid crystal behaviour, the 
acrylate group remains the most frequently used polymerizable moiety for the design 
of polymerizable thermotropic LCs, owing to its efficient photo-polymerization, 
convenient synthesis route and the thermal stability of the respective thermotropic 
LC derivatives.77 Additionally, polymerizable fan-shaped mesogen units, consisting 
of three aliphatic chain derivatives of the gallic acid salt, that is either substituted by 
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two or three acrylate groups at the end of the hydrocarbon tails, have gained a great 
deal of interest in the development of ion-conductive materials or membrane 
materials.80, 81 Chemical structures of some examples of polymerizable thermotropic 
LCs containing a fan-shaped mesogen are presented in Figure 2.15. 
 
Figure 2.15: Polymerizable thermotropic LCs with a fan-shaped mesogen unit. 
Both thermotropic LCs illustrated in Figure 2.15 form a hexagonal columnar 
mesophase, which can be photo-polymerized, resulting in the fabrication of self-
standing polymeric materials.80, 81 The vertical alignment of the hexagonal columnar 
mesophase, formed by the ionic-liquid based thermotropic LCs (See Figure 2.15a), 
has also been reported by Kato and co-workers, using amine-functionalized surfaces 
during cooling from the isotropic into the hexagonal columnar mesophase of this 
compound. The authors used polarized optical microscopy to assess the alignment of 
the hexagonal columnar structure. The resulting vertically-aligned polymer displayed 
an anisotropic ionic conductivity, with magnitude of anisotropy (σII/σ⊥) values of 2.6 
× 102 and 1.4 × 103 at 50 °C and 150 °C, respectively.80  
 
Osuji and co-workers have reported the vertical alignment of the hexagonal 
columnar mesophase formed by the polymerizable thermotropic LC illustrated in 
Figure 2.15b, using strong magnetic field (i.e. 6 T).81 The vertical alignment of the 
resulting polymer was assessed by small-angle X-ray scattering and high-resolution 
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transmission electron microscopy (TEM). The high-resolution TEM images of the 
aligned polymer showed, in astonishing detail, the long-range persistence of the 
vertically-aligned nanostructure. The ionic conductivity (σII) of the aligned polymer 
was reported to be 85 fold higher than that of the non aligned polymer.81 The ionic 
conductivity measurements were performed at a relative humidity of 100%.81 
 
Interestingly, Kato and co-workers have also reported another ionic-liquid based 
thermotropic LC with a similar fan-shaped mesogen unit containing two 1,3-diene 
polymerizable moieties, which exhibited the relatively rare bicontinuous cubic phase 
and the more common hexagonal columnar mesophase.45 The acrylate analogue 
showed no mesomorphic behaviour, confirming the more pronounced destabilizing 
effect of the acrylate group over the 1,3-diene groups. The successful photo-
polymerization of this monomer in its cubic phase resulted in a self-standing polymer 
with higher ionic conductivity compared to that of the polymeric material with a 
randomly-oriented hexagonal structure. The chemical structures of the acrylate and 
1,3-diene substituted compounds is illustrated in Figure 2.16, together with a 
schematic of the bicontinuous cubic structure of the polymeric material. 
 
Figure 2.16: Thermotropic bicontinuous cubic LC compound (a), and the acrylate analogue that displays 
no mesomorphism behaviour (b) and a schematic illustration of the bicontinuous cubic structure pre- and 
post-polymerization (c), Adapted with permission from reference [45].45 Copyright (2011) American 
Chemical Society. (only Figure 2.16 c) 
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2.2.3 Polymerizable lyotropic liquid crystals 
2.2.3.1 Polymerization of vesicles 
The development of polymerizable lyotropic liquid crystals started in the early 
1980’s, with the concept of vesicle polymerization introduced by Regen et al..82 
Vesicles, also known as liposomes, consist of a nearly spherical bilayer structure 
with an aqueous solution trapped in the center.83 Such assemblies have attracted a lot 
of attention as drug-delivery systems.84 The idea behind this concept was to enhance 
the lifetime of these self-assemblies by polymerization, since vesicles are 
thermodynamically unstable and spontaneous rupture or rearrangement generally 
occurs with time.84 The polymerizable lyotropic LC, described by Regen et al., was a 
quaternary ammonium bromide compound with two long aliphatic chains; one chain 
was terminally substituted with a methacrylate group (Figure 2.17). Successful 
thermal-induced polymerization of the vesicles formed by the methacrylate-
substituted ammonium bromide salt was reported using the well-known AIBN 
initiator at 80 °C.82 The resulting polymerized vesicles have been shown to retain 
sucrose (0.02 % of initial sucrose) and were stable despite the addition of 25% 
ethanol.82 
 
Figure 2.17: Polymerizable lyotropic LC described by Regen et al..  
A similar study on the polymerization of vesicles formed by mono or dimethacrylate 
substituted phosphatidylcholine (PC) compounds have also been reported, and the 
results showed that photo-induced polymerization of vesicles increases the 
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liposome’s stability.85 Figure 2.18 shows the chemical structure of the mono or 
dimethacrylate substituted PC compound. The polymerization of the vesicles formed 
by the dimethacrylate PC resulted in a cross-linked polymeric network that could not 
be solubilized.85 On the other hand, the polymerized vesicles from the 
monomethacrylate substituted PC compound formed linear polymers. 
 
Figure 2.18: Mono or dimethacrylate substituted phosphatidylcholine (PC) compounds described by Regen 
et al.. 85 
Since the 1980’s, a number of studies on vesicle polymerization have been reported 
with diverse polymerizable moieties including sorbyl, dienoyl, styryl, diacetylenyl, 
lipoyl, methacryloyl and acryloyl.83, 84 
2.2.3.2 Polymerization of lyotropic mesophases 
This section of the literature review is restricted to the polymerization of lyotropic 
LCs, which contain at least one reactive group, in their respective lyotropic 
mesophases. The polymerization of monomers in lyotropic mesophases formed by 
traditional amphiphilic molecules (i.e. without incorporated polymerizable moieties) 
is excluded, because the impact of polymerization is less detrimental on the 
nanostructure of the resulting polymer when the amphiphilic molecules are not part 
of the polymerization mechanism. The polymers resulting from this “templating” 
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approach are highly ordered porous materials after the removal of the amphiphilic 
molecules.86-89 
 
The polymerization of more complex architectures present in lyotropic liquid crystal 
phases, such as normal or inverse hexagonal phases and bicontinuous or 
discontinuous cubic phases, offers great potential for the development of 
nanostructured materials for biological, drug delivery, membrane and battery 
applications.50, 51, 53, 83, 84 Additionally, the nano-segregation between the hydrophilic 
and hydrophobic domains present in lyotropic mesophases makes them excellent 
candidates for the incorporation of host molecules or particles, for example, gold-
nanoparticles or carbon nanotubes.90-95 
 
Research into the polymerization of lyotropic mesophases initially focussed on non-
lamellar mesophases, such as several bicontinuous cubic phases and the inverse 
hexagonal phase.83, 84 One of the first attempts to polymerize a lyotropic mesophase 
was reported by Thundathil et al., for a normal hexagonal phase formed by the 
amphiphile, sodium undecenoate.96 The authors reported that the thermally-induced 
polymerization (with ammonium persulfate) at 60 °C of the hexagonal phase induced 
a structure change towards an isotropic state, which was converted into a lamellar 
phase when the sample was cooled back to 20 °C. In 1995, O’Brien et al. reported 
the successful polymerization of an inverse hexagonal phase with full structure 
retention, as assessed by X-ray diffraction.97 In their study, a hydrated 3:1 mixture of 
two polymerizable amphiphiles: mono-dienoyl substituted phosphoethanolamine and 
bis-dienoyl substituted phosphocholine, was used at 60 °C to form the inverse 
hexagonal phase. The authors also reported the polymerization of an inverse 
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bicontinuous cubic phase using the same amphiphile mixture at lower surfactant 
concentration (25 mg/ml). The cryo-TEM images of the polymerized sample showed 
a clear aqueous channel of 6 ± 1 nm in a cubic lattice.97 However, the authors also 
reported that the weak scattering of the polymerized sample precluded an 
unambiguous X-ray characterization. Subsequently in 1998, the polymerization of a 
9:1 mixture of mono-acylglycerol and diacylglycerol containing 25 wt.% water, 
which formed an inverse bicontinuous cubic phase (i.e. Iad space group) over a 
temperature range between 5 °C and 45 °C, was reported by Srisiri et al..98 The 
polymerization of the cubic phase was initiated by the thermal decomposition of 
hydrogen peroxide at 45 °C with a high degree of conversion. The retention of the 
cubic phase with a Iad symmetry after polymerization was confirmed by polarized 
optical microscopy, 2H NMR spectroscopy and X-ray diffraction.98 Additionally, the 
diffusion coefficient of water inside the 3D-aqueous channels remained the same (i.e. 
1.2 ± 0.2 × 10-10 m2/s) before and after polymerization, again confirming that the 
integrity of the 3D-aqueous channels of the cubic phase was maintained. However, 
the dissolution of the resulting polymer in organic solvent indicated that the polymer 
was not cross-linked. Slightly earlier, Srisiri et al. also reported the polymerization of 
an H2 phase formed by a similar bis-dienoyl substituted phosphocholine 
amphiphile.99 The polymerization of the inverse hexagonal phase was initiated using 
either K2S2O8/L-cysteine or hydrogen peroxide as redox initiators and full structure 
retention was confirmed by X-ray diffraction.99 The resulting polymer was reported 
to be insoluble in several organic solvents, indicating the production of a cross-
linked polymer network, as expected because of the two polymerizable moieties per 
amphiphile molecule.  
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Additionally, Gin and co-workers, in their ongoing efforts to develop nanostructured 
polymers for materials applications, have designed a series of polymerizable 
lyotropic LCs containing metal ions, which all exhibited the formation of an inverse 
hexagonal phase.100-103 The chemical structure of the polymerizable lyotropic LCs 
described by Gin et al. is presented in Figure 2.19. The authors rationalized that 
amphiphile molecules, with a relatively small headgroup and a broad, flatter aliphatic 
section, should prefer to arrange themselves into an H2 mesophase.53 The photo-
induced polymerization of the inverse hexagonal phase formed by the mono-styryl 
substituted compounds with the addition of divinylbenzene as co-linker resulted in 
the production of cross-linked polymers with full structure retention (with the 
exception of the polymerization of the copper salt).101, 102 On the other hand, the 
photo-polymerization of the triacrylate substituted compounds resulted in the cross-
linking of their inverse hexagonal mesophases without the use of co-linker.100, 103 
Gin and co-workers also reported the fabrication of highly ordered polymer-
inorganic nanocomposites by condensation of tetraethyl orthosilicate (TEOS) inside 
the aqueous channels of the H2 phase, simultaneously with the photo-polymerization 
of the polymer matrix.101 Additionally, the conversion of poly(p-phenylenevinylene) 
(PPV) from its precursor, poly(p-xylenedimethylsulfonium chloride), inside the 
aqueous channels of a polymerized inverse hexagonal phase formed by the 
triacrylate substituted sodium derivative (See Figure 2.19) was also reported by Gin 
et al..100, 103 The PPV nanocomposite displayed an enhanced fluorescence compared 
to that of pure PPV, likely due to the isolation of the polymer chain inside the 
channels of the polymerized inverse hexagonal phase.100 
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Figure 2.19: polymerizable lyotropic LCs described by Gin et al.. 
 
Later on, Gin et al. reported the polymerization of a similar triacrylate substituted 
derivative, terminated with a sulfite group conjugated to a lithium counterion, the 
chemical structure of which is presented in Figure 2.20.46 This new polymerizable 
lyotropic LC exhibits the formation of an inverse bicontinuous cubic phase with 15 
wt.% of a propylene carbonate solution containing 0.245 M lithium perchlorate, 
which can be photo-polymerized with full retention of the cubic mesostructure. The 
resulting Li-ion conductive nanocomposite showed a ionic conductivity of 9 ± 4 × 
10-4 S/cm.46 
 
 
Figure 2.20: Li-ion conductive nanocomposite described by Gin et al.. Reprinted with permission from 
reference [46].46 Copyright (2009) American Chemical Society. 
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As previously mentioned, the polymerization of lyotropic mesophases has been 
focused on inverse hexagonal phase and various cubic phases.50, 51, 53, 83, 84 In the 
early 2000’s, Gin and co-workers reported the polymerization of normal hexagonal 
(H1) and lamellar (Lα) lyotropic mesophases using either single-tail-based trimethyl-
phosphonium bromide amphiphiles or phosphonium bromide gemini amphiphiles 
(gemini amphiphile features two hydrophobic chains and two polar headgroups 
linked by a spacer).104, 105 Both amphiphiles were substituted with a 1,3-diene group 
at the terminus of their aliphatic chains. While the single-tail-based trimethyl-
phosphonium bromide amphiphiles required the addition of divinylbenzene as co-
linker to be cross-linked, the phosphonium bromide gemini amphiphiles did not 
require any co-linker addition, because they had two polymerizable moieties per 
amphiphile molecule. The photo-polymerization of the two amphiphile/water 
systems in their H1 and Lα mesophases resulted in cross-linked polymers with full 
retention of their respective mesostructures. 
 
Later on, Firestone and co-workers designed a series of polymerizable imidazolium-
based ionic liquids with relatively short alkyl chains (i.e. 8 or 10 carbons), which 
exhibited lyotropic mesomorphism.90, 106-109 Several polymerizable moieties, 
including an acryloyl group (at the end of the alkyl chain), vinyl group (on the cation 
headgroup) and acrylate counteranion, were investigated. The chemical structures of 
some examples of polymerizable imidazolium-based ionic liquids described by 
Firestone et al. are presented in Figure 2.21. Prior to photo-polymerization, these 
ionic liquids formed different lyotropic mesophases upon water addition, including 
lamellar phase (Lα), tetragonally perforated lamellar phase, normal hexagonal phase 
(H1) and some bicontinuous cubic phases.90, 106, 107 During photo-polymerization, 
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most of these systems were reported to undergo some phase rearrangements towards 
architectures with lower spontaneous curvatures 90, 106, 107, although the retention of 
the lamellar phase, formed by an acryloyl-based ionic liquid, was observed.106 For 
example, the H1 phase, formed by 1-(10-(acryloyloxy)octyl)-3-imidazolium chloride 
(abbreviated AcrC10mimCl) (Figure 2.21, bottom left compound) upon addition of 25 
wt.% water, undergoes a phase rearrangement during the photo-polymerization 
process towards a bicontinuous cubic phases with Iad symmetry.106  
 
Figure 2.21: Polymerizable imidazolium-based ionic liquids described by Firestone et al..90, 106-109 
In 2009, Firestone and co-workers designed and characterized the lyotropic 
mesomorphic behaviour of an ionic liquid with a polymerizable moiety located on 
the counteranion (acrylate anion, C10mimAcr, See Figure 2.21, lower right).107 The 
authors rationalized that the presence of polymerizable moieties on either the cation 
headgroup or on the alkyl chain terminus is likely to limit the access of organic 
molecules or membrane proteins to the alkyl chain bilayer.107 In this case, the photo-
polymerization of the H1 phase, formed by a mixture of C10mimAcr and 
poly(ethylene glycol)diacrylate with 11 wt.% water, resulted in a cross-linked 
polymer with a hexagonal perforated lamellar structure (HPL).107 An illustration of 
the HPL structure of the resulting cross-linked polymer is shown in Figure 2.22. 
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Figure 2.22: Schematic illustration of the hexagonal perforated lamellar structure of cross-linked polymer 
described by Firestone et al.. Reprinted with permission from reference [107].107 Copyright (2009) 
American Chemical Society. 
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2.3  Conclusions and thesis aims 
Polymerization of liquid crystal mesophases offers great advantages for the 
development of advanced nanostructured materials with potential use in many 
applications such as drug-delivery, membranes and batteries. Additionally, lyotropic 
mesophases more easily allow the incorporation of host molecules or particles such 
as carbon nanotubes, which could potentially lead to the development of advanced 
polymer materials with oriented ion channels. 
 
As mentioned earlier in this literature review, polymerizable ionic liquids with 
relatively short alkyl chains have been shown to exhibit the formation of lyotropic 
mesophases upon water addition; polymerization of these ionic liquids could then 
result in the fabrication of highly ordered polymer materials. Furthermore, the 
synthesis route of these new polymerizable compounds is relatively easy compared 
to that required for traditional polymerizable phospholipid derivatives. However, the 
photo-polymerization of these compounds in their respective lyotropic mesophases 
generally induced a phase rearrangement towards architectures with lower 
spontaneous curvatures. Nevertheless, the design of a lyotropic ionic liquid with a 
polymerizable moiety located on the counteranion, as suggested by Firestone and co-
workers, opens interesting perspectives for the incorporation of nanotube assemblies, 
especially since the alkyl chain bilayer is not disrupted by the insertion of a 
polymerizable moiety as is the case for polymerizable LCs where the polymerizable 
group is on the cation alkyl chain. This is an important consideration, since the 
ultimate goal of this project is to develop selective ion transport membranes using 
cyclic peptide nanotubes as ion carriers. The use of a lyotropic hexagonal mesophase 
to induce the alignment of CPNs has already been reported by our research group 
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(See appendix). Therefore the design of a lyotropic ionic liquid with a polymerizable 
moiety on the counteranion, which does not restrain or negatively influence the 
incorporation or alignment of CPNs in their respective lyotropic mesophase, confers 
many benefits for the development of selective ion transport membranes.  
 
One of the aims of this project was, therefore, to design and characterize the 
lyotropic mesomorphic behaviour of a novel polymerizable ionic liquid crystal, 1-
hexadecyl-3-methylimidazolium acrylate (C16mimAcr) upon water addition. 
Moreover, the impact of co-linker incorporation, which is required for the cross-
linking polymerization of this system, on the phase behaviour of the 
C16mimAcr/water/linker systems has been investigated. Finally, the impact of photo-
polymerization of these C16mimAcr/water/linker systems has been characterized. It 
was hypothesized that an increase of the alkyl chain length (i.e. 16 vs. 10 carbons) 
would enhance the nano-segregation of the hydrophilic/hydrophobic domains and 
potentially improve the mesostructure retention of these lyotropic systems during 
photo-polymerization. 
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2.4  Techniques used for lyotropic liquid crystal characterization 
Before presenting and discussing the results of this project, the main characterization 
techniques used are introduced here. As mentioned briefly in section 2.1.2, a 
combination of polarized optical microscopy (POM), with small-angle X-ray 
scattering (SAXS) or small-angle neutron scattering (SANS) is generally used to 
identify the type of mesophase formed by lyotropic systems.1, 30, 110 This study used 
POM and SAXS for mesophase characterization, so these will now be introduced. 
2.4.1 Polarized optical microscopy 
2.4.1.1 Light and polarization 
POM represents a quick and very accessible technique for the preliminary 
identification of lyotropic liquid crystalline mesophase type. Before going into 
greater detail on the optical texture displayed by different lyotropic mesophases 
under crossed polarizer conditions, it is important to define some concepts regarding 
light and polarization as well as how a polarized optical microscope works. Light can 
be considered as a transverse electromagnetic wave, which consists of oscillating 
electric and magnetic fields, perpendicular to each other.111 Figure 2.23 shows a 
schematic illustration of a transverse electromagnetic wave. The electric and 
magnetic fields of a transverse electromagnetic wave are always in phase.111 For 
clarity, only the electric field is generally presented.111 
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Figure 2.23: Schematic illustration of a transverse electromagnetic wave, showing the propagation of the 
electric (blue line) and magnetic (red line) fields.  
Ordinary white light, such as natural light, is composed of several transverse 
electromagnetic waves oscillating in all possible directions, perpendicular to their 
mutual propagation axis.112 Therefore, natural light is non-polarized light.112 
Linearly-polarized light is composed of transverse electromagnetic waves that 
oscillate all in one direction; in other words, their electric fields lie in a plane (this 
light is sometimes also referred to as “plane-polarized” light).112 A polarizer, which 
is one main component of a polarized optical microscope, is a material that only 
allows transverse electromagnetic waves with one specific oscillating direction to 
pass through.112 Figure 2.24 shows how a linearly-polarized light wave interacts with 
a polarizer, depending on the optical axis of the polarizer. Therefore, a polarizer is 
generally used as an optical device to change natural light (i.e. non-polarized) to 
linearly-polarized light.112 
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Figure 2.24: Schematic illustration showing how a linearly-polarized light wave is impacted by a polarizer. 
In case (a), the direction of the linearly-polarized light and the optical axis of the polarizer (i.e. Blue arrow) 
are parallel, therefore the light passes through it. In case (b), the direction of the linearly-polarized light 
and the optical axis of the polarizer (i.e. Blue arrow) are perpendicular, therefore the light does not pass 
through it. 
There are other types of polarized light, but, as shown in Figure 2.25, each type of 
polarized light can be decomposed into two perpendicular linearly-polarized 
components. For example, considering two perpendicular linearly-polarized light
waves which are in phase (i.e. their maxima and minima coincide); the sum of these 
two linearly-polarized light components also linearly-polarized light, but polarized at 
a 45° angle (See Figure 2.25a).112 Now, if these two linearly-polarized lights are 90° 
degrees out of phase (minimum in one wave corresponds to zero in the other), the 
resulting electromagnetic wave is circularly polarized, so-called because the 
amplitude of the electric field does not vary (See Figure 2.25b).112 Circularly-
polarized light can be generated by passing linearly-polarized light through a quarter-
wave plate, and vice versa.112 A phase plate, such as a quarter-wave plate, is an 
anisotropic material (usually quartz or mica), which retards the phase of one of the 
a) 
b) 
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linearly-polarized light components.112 A further situation, where the two linearly-
polarized waves are out of phase by an angle other than 90°, results in elliptically-
polarized light (See Figure 2.25c).112 
 
Figure 2.25: Different types of polarized light (red line): linearly-polarized light (a), circularly-polarized 
light (b) and elliptically-polarized light (c). The blue and black lines correspond to the decomposition of 
each type of polarized light (red line) into two mutually orthogonal linearly-polarized light components.
 
2.4.1.2  Anisotropic materials 
POM is a powerful technique to detect the anisotropy properties of materials and 
potentially identify the type of lyotropic mesophase present. A polarized optical 
microscope contains two polarizers, which are set up in series. The first polarizer is 
a) 
b) 
c) 
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located close to the light source and before the sample holder. This polarizing device 
is used to generate linearly-polarized light. The second polarizer, which is commonly 
called an analyzer, is located after the sample holder. The optical axes of the 
polarizer and analyzer are generally set up in parallel or crossed.112 These 
configurations are called parallel or crossed nicols, respectively. Figure 2.26 
illustrates propagation of light in parallel and crossed nicols configurations. In a 
crossed nicols configuration (See Figure 2.26b), the linearly-polarized light 
generated by the first polarizer is extinguished by the analyzer, unless an anisotropic 
material is inserted between the polarizer and the analyzer,112 while in a parallel 
nicols configuration (Figure Figure 2.26a) the linearly-polarized light is transmitted 
through the analyzer, because they have the same optical axes. Therefore, the crossed 
nicols configuration is generally used for the detection of anisotropy.112 
 
Figure 2.26: Propagation of the light in parallel (a) and crossed (b) nicols configurations. The black arrows 
represent the vibration direction of the light. Before the first polarizer, the light is unpolarized. The blue 
arrows represent the optical axes of the polarizers and analyzers. 
Anisotropic materials can be described as materials with a double refraction index.112 
This phenomenon is also called birefringence.112 If unpolarized light enters an 
a) 
b) 
Polarizer Analyzer 
Polarizer Analyzer 
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anisotropic material, the light is divided into two linearly-polarized rays 
perpendicular to each other, and then refracted (See Figure 2.27).112 The generated 
linearly-polarized light that follows the law of refraction, which is also the fastest, is 
called an ordinary ray 112 while the other is an extraordinary ray.112 The velocity of 
these two rays is different inside the anisotropic material, and thus, these rays 
become out of phase.112 As a consequence, when an anisotropic material is inserted 
between the polarizer and the analyzer under crossed nicols condition, some amount 
of light now passes through the analyzer, and birefringence is observed.112 
 
Figure 2.27: Schematic illustration of how unpolarized light is affected when travelling through an 
anisotropic material. The black arrows represent the vibration directions of the light. 
2.4.1.3  Lyotropic liquid crystal mesophase characterization 
Since the birefringence of an anisotropic material can be detected by polarized 
optical microscopy under crossed nicols condition, this technique is very valuable to 
identify lyotropic liquid crystal phases such as lamellar and hexagonal phase. The 
birefringence displayed by both lamellar and hexagonal phases is due to the 
anisotropic shape of the aggregates formed in these two phases.4 Lamellar and 
hexagonal phases display characteristic mosaic-like or fan-like textures, respectively, 
making their identification easy.4, 28, 35, 39 However, cubic liquid crystal mesophases 
cannot be easily detected under crossed nicols conditions because the three 
dimensional symmetries of these mesophases2, 4 make them appear optically 
isotropic.4, 113, 114  
ordinary ray 
extraordinary ray 
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Additionally, polarized optical microscopy can also be used to characterize the 
alignment of certain mesophases containing anisotropic aggregates, such as lamellar 
and hexagonal phases.47, 66, 80, 81 Indeed, the macroscopic alignment of these 
aggregates, perpendicular or parallel with respect to the light beam, results in an 
optically isotropic texture (i.e. black) under crossed nicols condition. 47, 66, 80, 81 If the 
macroscopic alignment is oriented with an angle other than 90 or 180°, birefringence 
would be observed.81 Although macroscopic alignment of anisotropic mesophases 
can be detected using polarized optical microscopy, 90° and 180° orientation 
alignments cannot be differentiated, because both appear optically isotropic.81 
Instead, this information can be obtained indirectly by ionic conductivity 
measurement or directly by SAXS measurement.80, 81 
2.4.2 Small-angle X-ray scattering 
X-ray scattering is a very powerful technique for the characterization of lyotropic 
liquid crystals, allowing the acquisition of structure information, such as the type of 
mesophase formed, repeat distance of ordered material, unit cell size and the 
orientation of anisotropic ordered materials.20, 30, 81, 95, 115-117 
 
2.4.2.1 Theory and concept behind SAXS 
SAXS belongs to the family of X-ray scattering techniques which are non-
destructive techniques and are used to reveal structural information about solids, 
liquids and gels.116 Other X-ray scattering techniques include wide-angle X-Ray 
scattering (WAXS) and X-ray diffraction (XRD).116, 117 As its name indicates, SAXS 
uses X-ray radiation, which is an electromagnetic radiation with a wavelength 
ranging from 0.01 to 10 nm.117 The energies associated with most X- rays range from 
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less than 1 keV to 100 keV.117 X-Rays can also be classified into hard- or soft- X-
rays, depending on their energies. Above 5-10 keV, X-rays are considered as Hard-
X-rays, although this limit is not well defined. Hard-X-rays are commonly used for 
X-ray scattering techniques, such as SAXS, WAXS and XRD, since they penetrate 
more deeply into materials than soft-X-rays do.117 X-rays are generally produced by 
laboratory X-ray tube sources equipped with, for instance, a copper anode, or by 
particle accelerators, also known as synchrotrons.117 The latter offers greater 
brilliance, which improves the signal to noise ratio. The brilliance is defined by the 
number of photons per second, per unit area and per unit of photon divergence 
angle.118 X-ray scattering occurs when an X-ray photon collides with an electron of 
an atomic shell, causing the electron to oscillate and emit a scattered photon.117 X-
ray scattering can be divided into two main types: elastic or inelastic scattering.117 In 
the case of elastic scattering, the scattered radiation, emitted from the electron, 
possesses the same energy (and thus wavelength) as the incident X-ray; only the 
direction of propagation is changed.117 Elastic X-ray scattering are useful for X-ray 
“diffraction” techniques such as SAXS, WAXS and XRD.117 In inelastic scattering, 
the energy of scattered radiation is altered during the collision, also known as the 
Compton effect.117 This type of scattering does not generate any useful information 
for X-ray diffraction, but does increase the background noise.117 On the other hand, 
inelastic X-ray scattering is useful to probe the electronic band structure of a 
material. 
 
All X-ray diffraction techniques are based on Bragg’s law, which can be expressed 
as:119 
         
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Where n is a positive integer,  is the wavelength of the scattered radiation, 
expressed in angstroms (i.e. same wavelength as the incident X-ray radiation), d is 
the repeat distance between two planes of symmetry (also expressed in angstroms), 
and θ refers to the angle between the scattered radiation and the plane of symmetry. 
Usually, XRD patterns record the intensity of the scattered X-ray radiation as a 
function of a two-theta angle, while SAXS and WAXS patterns are generally 
presented as a function of the momentum transfer, , also known as scattering 
vector. The scattering vector can be expressed as:117 
        
When Bragg’s law is expressed using the scattering vector, , the repeat distance, d, 
can be expressed as:117 
      
  is commonly used to present SAXS and WAXS patterns because it is not 
dependent on the wavelength of radiation. This simplifies comparing SAXS or 
WAXS patterns obtained using different X-ray sources. 
2.4.2.2 Lyotropic liquid crystal mesophase characterization 
As mentioned earlier, SAXS is a very powerful technique to probe nanostructure, 
ranging from 1 to 100 nm, making this technique ideal for characterization of 
lyotropic liquid crystal mesophases. 20, 30, 81, 95, 115 During X-ray exposure, Bragg 
diffractions, also known as diffraction peaks or reflections, are produced from the 
different lattice planes present in the nanostructure formed by lyotropic liquid crystal 
mesophase. These lattice planes are separated by a repeat distance, d, and thus, the 
Bragg reflection associated with these lattice planes has a specific diffraction angle, 
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according to Bragg’s law.119 Similar to crystallography, the lattice planes observed in 
lyotropic liquid crystal systems are defined by the Miller indices, denoted (hkl), 
within a Bravais lattice.119 Hexagonal and cubic Bravais lattices are the most 
common three-dimensional lattices observed in lyotropic liquid crystals. The cubic 
Bravais lattice consists of three lattice vectors, denoted a, b and c, which are 
orthogonal to each other and have the same length.119 In a hexagonal lattice, vectors 
a and b are orthogonal to vector c, but the angle between the vector a and b is 120 
°.119 Additionally, the length of vector c is not usually equal to the length of vectors a 
and b, although vectors a and b have the same length.119 
The relative positions of the different Bragg diffractions, in relation to the first order 
of Bragg diffraction, is specific to the type of mesophase formed, and thus X-ray 
scattering is commonly used to identify lyotropic mesophases.4 Luzzati was one of 
the pioneers to identify lyotropic mesophases, especially cubic mesophases, using X-
ray scattering.4, 42-44 A summary of the different symmetries and Bragg reflection 
ratios for each mesophase is presented in Table 2.1. 
Additionally, the lattice parameter, denoted a, which corresponds to the length of 
vector a in the Bravais lattice, can also be extrapolated by X-ray scattering, using the 
relative position of the different Bragg reflections observed and the miller indices 
associated with each of these Bragg reflections.119 The lattice parameter, a, of the 
lamellar, hexagonal and cubic phases can be obtained from the following 
equations:119 
 
Lamellar phase     
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Hexagonal phase  

         
 
Cubic phase   
        
Where a is the lattice parameter. d is the repeat distance (i.e.   ). h, k and l are 
the miller indices associated with the Bragg diffraction. 
Table 2.1: Most common lyotropic mesophases: their symmetry and Bragg reflection ratios. 
Type of mesophase Symmetry Bragg reflection ratios 
Lamellar (L) 1D 1:2:3:4:…etc4 
Hexagonal( H1, H2) 2D 1:√3:√4:√7:√124 
Bicontinuous cubic (V1, V2) 
Imm (3D) √2:√4:√6:√8:√10:…etc4 
Pnm (3D) √2:√3:√4:√6:√8:…etc4 
Iad (3D) √6:√8:√14:√16:√18:√20:…etc4 
Discontinuous cubic (I1, I2) 
Imm (3D) √2:√4:√6:√8:√10:…etc4 
Fmm (3D) √3:√4:√8:√11:√12:…etc4 
Pmn (3D) √2:√4:√5:√6:√8:…etc4 
Fdm (3D) √3:√8:√11:√12: √16:…etc4 
 
Additionally, SAXS can also provide useful information about the macroscopic 
orientation of certain lyotropic mesophases, such as lamellar and hexagonal 
phases.81, 95, 106, 115, 116 For this purpose, the SAXS instrument needs to be equipped 
with a two-dimensional detector to probe any anisotropy in the Bragg diffraction 
ring.116 Figure 2.28 shows the one- and two-dimensional SAXS patterns of a 
hexagonal mesophase. As can be seen in Figure 2.28b, clear anisotropy in the first 
order of diffraction is observed. In this case, the 6-fold symmetry observed in this 
diffraction ring indicates the cylinders of the hexagonal mesophase are 
macroscopically aligned, parallel to the direction of the incident X-ray beam.106 
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Figure 2.28: Example of one- (a) and two- dimensional (b) SAXS patterns of a hexagonal mesophase. 
As illustrated in Figure 2.28b, the two-dimensional SAXS pattern of an anisotropic 
lyotropic mesophase can provide useful information on the macroscopic orientation 
of the nanostructure present in these systems. In the case of a randomly oriented 
anisotropic mesophase, such as a lamellar phase or a hexagonal phase, the resulting 
diffraction ring appears totally isotropic.115 Additionally, the macroscopic alignment 
of a hexagonal phase, perpendicular or parallel to the direction of the incident X-ray 
beam, can also be easily distinguished via two-dimensional SAXS patterns.81, 115 
Figure 2.29 shows the difference of two-dimensional SAXS pattern of a hexagonal 
mesophase aligned perpendicularly or parallel to the incident X-ray beam. As 
illustrated previously, in the case of a hexagonal phase aligned parallel to incident X-
ray beam, the resulting diffraction ring exhibits 6-fold symmetry. Where the 
hexagonal phase is aligned perpendicular to incident X-ray beam, the resulting 
diffraction ring exhibits 2-fold symmetry, oriented perpendicular to the cylinder axis, 
making the two scenarios easily distinguishable.  
a) b) 
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Figure 2.29: Schematic illustration of macroscopic alignment of a hexagonal phase and its effect on the 
resulting two-dimensional SAXS patterns: parallel (a) or perpendicular (b) alignment with respect to the 
incident X-ray beam. 
  
a) b) 
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2.4.3 Remainder of thesis 
Following on from the theory and concepts behind polarized optical microscopy and 
small-angle X-ray scattering (the two main techniques used for lyotropic liquid 
crystal characterization in this thesis), the next chapter presents the materials and 
methods. 
Chapter four then describes the characterization of the phase behaviour of a novel 
polymerizable lyotropic liquid crystal as a function of water content, and the impact 
of the polymerizable moiety on this phase behaviour.  
Chapter five explores the polymerization of these new systems, focusing on the 
impacts of different co-linkers on the phase behaviour and polymerization kinetics of 
these systems. Additionally, control of the hexagonal phase orientation using amine-
functionalized surfaces, prior to polymerization will be investigated.  
Chapter six investigates the impact of photo-polymerization on the nanostructures 
present in these new lyotropic liquid crystal systems. Use of non-UV-reactive 
molecules to improve the structure retention during the polymerization process is 
examined. 
Finally, Chapter seven summarizes the key findings of this study and the remaining 
problems to be overcome to reach the ultimate goal of this project, which was to 
develop a new class of selective transport membranes using cyclic peptide nanotubes 
and polymerizable lyotropic liquid crystals for applications such as CO2 capture and 
energy storage. An outline of the future work that needs to be done to better 
understand and overcome the different issues mentioned is also presented. 
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3.1  Chemicals and materials 
1-methylimidazole (99%), acrylic acid (99%), 3-(aminopropyl)triethoxysilane 
(99%), hydrogen peroxide solution (30 wt.%), cyclohexane (≥ 99%), dodecane 
(≥ 99%), poly(ethylene glycol) diacrylate (Mn = 575), 2-hydroxyethyl acrylate 
(96%), 2-hydroxyethyl methacrylate (97%), 2-hydroxy-2-methylpropiophenone 
(97%) and Amberlyst-26 OH form were purchased from Sigma-Aldrich. 
Poly(ethylene glycol) dimethacrylate (Mn = 400) was purchased from Polysciences 
Inc. 1-chlorohexadecane (97%) was purchased from Alfa Aesar. All chemicals were 
used as received. 
1.5 mm outer diameter special glass 10 capillaries were purchased from Hampton 
Research Corporation. Quartz coverslips (square 25.4 × 25.4 mm) were purchased 
from ProSciTech. 
3.2  Ionic liquid synthesis 
3.2.1 1-hexadecyl-3-methyl-imidazolium chloride (C16mimCl) 
1-hexadecyl-3-methyl-imidazolium chloride (C16mimCl) was synthesized according 
to the following procedure. In a 250 ml round bottom flask equipped with magnetic 
stirrer and a water-cooling system, 1-methylimidazole (11.96 g, 0.1458 mol) and 1-
chlorohexadecane (43.13 g, 0.160 mol) were added simultaneously. Then the mixture 
was stirred at 80 °C for 72 hours under a nitrogen atmosphere resulting in a slightly 
yellow solid. The product was purified by recrystallizing twice from ethyl acetate. 
Finally, the pure C16mimCl was dried under high vacuum at 50 °C for 8 hours, 
resulting in a white powder product. The drying temperature has been kept below the 
crystal-mesophase transition temperature of the compound (i.e. 69 °C), in order to 
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ease compound handling as otherwise the compound sticked to glassware after 
drying at higher temperature. 
 
1H-NMR (500 MHz; DMSO-d6, ppm): 9.49 (s, 1H), 7.86 (s, 1H), 7.80 (s, 1H), 4.18 
(t, 2H), 3.87 (s, 3H), 1.75 (m, 2H), 1.20 (m, 26H), 0.82 (t, 3H) 
3.2.2 1-hexadecyl-3-methyl-imidazolium acrylate (C16mimAcr) 
Firstly, 300 g of ion exchange resin (Amberlyst-26 OH form) was loaded with the 
desired acrylate anion using a 10 wt.% acrylic acid solution (1000 ml). The resin was 
then washed with an abundant amount of Milli-Q water to remove the unreacted 
acrylic acid residue. 30.03 g of 1-hexadecyl-3-methyl-imidazolium chloride was 
dissolved in 100 ml of Milli-Q water and the aqueous solution of ionic liquid was 
flushed through the column 10 times. The acrylate-based ionic liquid was 
concentrated and dried under high vacuum resulting in a slightly gel-like material. 
The product was purified by recrystallizing twice from ethyl acetate. Finally, the 
pure C16mimAcr was dried under high vacuum at 30 °C for 8 hours, resulting in a 
white powder product. The drying temperature has been kept below the crystal-
mesophase transition temperature of the compound (i.e. 45 °C), in order to avoid 
thermal polymerization side reaction and to ease compound handling, as otherwise 
the compound stuck to glassware after drying at higher temperature. 
 
1H-NMR (500 MHz; DMSO-d6, ppm): 9.71 (s, 1H), 7.84 (s, 1H), 7.77 (s, 1H), 
5.97-5.92 (dd, 1H), 5.69-5.66 (dd, 1H), 5.13-5.10 (dd, 1H), 4.17 (t, 2H), 3.87 (s, 3H), 
1.75 (m, 2H), 1.21 (m, 26H), 0.82 (t, 3H) 
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3.3  Lyotropic liquid crystalline phase preparation 
3.3.1 Ionic liquid/water or ionic liquid/water/linker systems 
Each lyotropic liquid crystalline phase was prepared by weighing the appropriate 
amount of ionic liquid into a 4 ml glass vial. Then, the desired amounts of Milli-Q 
water and linker were added according to their respective densities using a 
micropipette. Each mixture was then sonicated for several hours as well as gently 
heated and mixed using a vortex agitator. 
3.3.2 Ionic liquid/water/linker/ non-UV-reactive molecule systems 
These systems have been prepared slightly differently compared to the ionic 
liquid/water/linker systems. First, these mixtures were prepared as previously 
described, without adding the non-UV-reactive molecule. Once the mixture was 
homogeneous, the desired amount of non-UV-reactive molecule was added using a 
micropipette. The mixture was then heated into its isotropic state and vigorously 
mixed using a vortex agitator. 
 
This protocol has been preferred compared to the traditional method, described 
previously, as it reduces evaporation of the non-UV-reactive molecules during 
prolonged sonication. 
3.4  Amine-functionalization of coverslip substrate 
Either quartz or standard coverslips were first sonicated in acetone for 10 minutes 
and dried in a fan-oven at 110 °C for 20 mins. Then, coverslips were cleaned using a 
freshly prepared piranha solution containing 30 vol.% hydrogen peroxide solution 
(30 wt.% of H2O2) and 70 vol.% concentrated sulphuric acid (98%), at 55 °C for 30 
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minutes. Finally, coverslips were rinsed with copious amounts of Milli-Q water and 
dried in a fan-oven at 110 °C for 30 minutes. 
 
Freshly cleaned coverslips were immediately immersed in 50 ml of a toluene 
solution containing 2 vol.% 3-(aminopropyl)triethoxysilane for 1 hour; the toluene 
solution was replaced with a freshly prepared one after 30 minutes. Then, coverslips 
were sonicated for 10 minutes sequentially in each of toluene, methanol/toluene 
(1/1:v/v) and methanol. Finally, coverslips were dried in fan-oven at 110 °C for 1 
hour. 
3.5  Polymerization of lyotropic liquid crystal systems 
For the polymerization study, all lyotropic liquid crystalline phases were doped with 
2 wt.% of a radical photo-initiator, 2-hydroxy-2-methylpropiophenone. The lyotropic 
mesophases were sandwiched between two standard coverslips with a 250 μm thick 
PTFE spacer. The samples were placed into a cooling stage equipped with quartz 
windows (Linkam Scientific LTS350) during UV-exposure, to limit the sample 
temperature increase caused by UV radiation. For this purpose, the sample stage and 
the body stage were maintained at 20 °C and -10 °C respectively. The recorded 
temperature on top of the coverslip did not exceed 35 °C, which is below the 
isotropic temperature transition of all lyotropic mesophases investigated in this 
study. 
All lyotropic mesophases were photo-polymerized using a high-pressure mercury 
UV lamp with sample-lamp distance of ca. 15 cm (irradiance intensity of 89 
mW/cm2 at 15 cm for UVC range (250-260 nm) without any filter or coverslip). The 
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UV-exposure times were varied from 30 minutes to 10 hours depending on the 
polymerization kinetics of each lyotropic system. 
3.6  SAXS and WAXS 
3.6.1 Benchtop SAXS/WAXS setup 
Small-angle-X-ray scattering (SAXS) and Wide-angle-X-ray scattering (WAXS) 
measurements were recorded with a microcalix SAXS system (Bruker) using Cu Kα 
radiation (50 kV, 10 mA). Prior to polymerization, the samples were placed into 
1.5 mm outer diameter capillaries (special glass #10). For the polymer sample, the 
samples were mounted directly on a solid sample holder. Measurements were carried 
out under vacuum at 20 °C with exposure times of 600 or 2400 seconds for the gel 
sample or the polymer sample, respectively. The program Fit2D was used to extract 
the 1D-SAXS profile (i.e. Intensity vs. scattering vector, q = (4πSinθ)/λ), both 
presented on a logarithmic scale. The data were not corrected for the scattering from 
an empty capillary since the background subtraction produced negative data. Figure 
3.1 shows the effect of background subtraction on three key examples, validating the 
position of the observed peaks in the SAXS spectra as well as highlighting the 
undesirable results of the background subtraction in a log scale. Therefore, the broad 
peak observed at 0.4 Å-1 is caused by the kapton windows of the instrument. 
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Figure 3.1: Representative background subtraction for three key examples: C16mimAcr containing 4.8 
wt.% (a, crystalline phase), C16mimAcr containing 65 wt.% (b, liquid crystal phase) and 
C16mimAcr/water/HEMA/PEGDMA system containing 25 wt.% cyclohexane (c, liquid crystal phase). 
 
Absolute intensity corrections were applied for the polymer sample by measuring the 
intensities of the X-ray beam transmitted through the empty cell and through the cell 
with the sample. The acquisition time for measuring intensity of transmitted X-ray 
beam was 5 seconds, 5 measurements were performed for each sample and the 
values averaged. 
 
The truncation of some maximum peak intensities, which could be observed in some 
SAXS patterns, was due to the pixel resolution limit of the instrument. This error was 
more significant at low q values (e.g. 0.1 A-1 and below).  
 
  
a) b) 
c) 
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3.6.2 Synchrotron SAXS setup 
Synchrotron SAXS measurements were performed at the Australian synchrotron on 
the SAXS/WAXS beamline. An in-vacuum undulator (22 mm period, 3 m length, 
Kmax = 1.56) with a beam energy of 20 keV and a 0.9 m camera length were used, 
allowing a detection range for a momentum transfer of 0.03 Å-1 < q < 1.5 Å-1. The 
two-dimensional SAXS patterns were recorded with a 1M Pilatus detector with 981 
× 1043 pixel resolution. 
 
A similar polymerization protocol, as described in section 3.5, was used for the in 
situ SAXS polymerization measurement. SAXS patterns were recorded every 18 
seconds. 
 
The alignment study of hexagonal phases pre-polymerization was carried out using 
amine-functionalized coverslips (See section 3.4 for amine-functionalization 
protocol). The lyotropic mesophases were sandwiched between two quartz coverslips 
(i.e. untreated or amine-functionalized) with different spacer thicknesses. The spacer 
thicknesses investigated were 14, 100 and 250 μm. The heating/cooling treatment 
was controlled using a heating stage (Linkam Scientific LTS350). First, the sample 
was heated at 5 °C/minute to 85 °C and then cooled at 1 °C/minute to 20 °C. For the 
cooling treatment with an isothermal step, an isothermal step at 60 °C for 30 minutes 
was added during the cooling treatment. SAXS patterns were recorded every 55 
seconds. 
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3.7  Phase assignment using SAXS data 
The Bragg diffraction peak positions were obtained by fitting the 1D-SAXS spectra 
using Origin pro software, where the peak intensity was strong enough for a reliable 
peak fit; otherwise the maximum peak intensity was used. The lyotropic liquid 
crystalline phases were determined only by the relative positions of the diffraction 
peaks, as most of Bragg reflections had an isotropic texture due to the formation of 
randomly oriented liquid crystalline phases. 
 
Lα  

          
H1  



       
I1 (Pmn) 
                 
I1 (Imm) 
   6, 8, 10, 12, 14, 16, 18, 20 … 
I2 (Fdm) 
         
 
The lattice parameters, a, for a lamellar phase (Lα), a hexagonal phase (H1) and a 
discontinuous cubic phase (I1) were obtained by plotting the appropriate equation1, 2: 
 
Lα    

 

   
H1    


              
I1 or I2 (cubic phase)  


            
No form factor analyses were performed on the micellar phase systems, as these 
phases were not of interest for this study. 
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3.8  DSC 
Differential Scanning Calorimetry measurements were performed on either a TA 
Q200 or an NETZSCH DSC 214 polyma instrument to determine the phase 
transitions of the different systems. DSC instruments were calibrated using 
cyclohexane. The samples were accurately weighed into standard sealed aluminium 
pans. The weights of the pans containing the samples were measured before and after 
the DSC measurement to determine eventual weight loss, which was attributed to 
water loss. 
 
For the ionic liquid/water mixtures, the samples were heated from 203.15 K to 
353.15 K and then cooled down from 353.15 K to 203.15 K at a rate of 10 K.min-1. 
For the pure ionic liquid, although a similar heating/cooling sequence was used, the 
sample was heated up to 423.15 K. 
For the ionic liquid/water/linker and ionic liquid/water/linker/non-UV-reactive 
molecule mixtures, the samples were heated from 173.15 K to 363.15 K and then 
cooled down from 363.15 K to 173.15 K at rate of 10 K.min-1. Isothermal steps of 5 
and 2 minutes were added at 173.15 K and 363.15 K, respectively. This cycle was 
repeated three times. 
3.9  POM 
The textures of lyotropic liquid crystalline phases were obtained with a polarized 
optical microscope (Nikon Eclipse 80i), equipped with a heating stage (Linkam 
Scientific LTS350) and a charge-coupled device camera (either a Nikon DS-U1 or a 
Nikon DS-Ri2). The polarized optical images were acquired under crossed polarizers 
with an additional quarter-wave plate.  
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For the alignment study of the hexagonal phase, the quarter-wave plate was not used 
and the polarizers were in crossed nicols configuration. The alignment protocol used 
for the polarized optical microscopy experiment was similar to that previously 
described in section 3.6.2. 
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4.1  Introduction 
From the literature, it has been shown that the design of polymers with highly 
ordered nanostructure can be achieved using lyotropic liquid crystal systems.1-3 
Adding a polymerizable moiety onto charged amphiphilic molecules has been shown 
to have a significant impact on the variety of LLC mesophases formed in aqueous 
mixture.3, 4 A polymerizable moiety on the end of an alkyl chain (i.e. acryloyl 
functional group) appears to have a negative impact on the order of the LLC 
mesophase and results in the formation of only one-dimensional architecture.3 In 
contrast, adding a polymerizable moiety near the cation headgroup or on the 
counterion is favourable to the formation of two- or three-dimensional structures.4, 5 
Additionally, the perturbation of the alkyl chain interaction by a polymerizable 
moiety is believed to prevent the insertion of guest molecules or particles pre- and 
post-polymerization.4  
Another crucial impact of the polymerizable moiety location is its effect on the 
retention of these complex nanostructures during photo-polymerization. Retaining 
the structure of LLC systems during photo-polymerization has proven difficult in 
many cases; phase rearrangement occurs during polymerization, and the LLC 
mesophase that was present pre-polymerization is not preserved.3-5 Nevertheless, 
some LLC systems, which had the polymerizable moiety on the cation surfactant 
headgroup or on the counterion, have been reported to retain their nanostructures 
after polymerization.1, 2 Although in slightly different context to that of LLC 
mesophases, Kline reported polymerization with full structure retention of rodlike 
micelles by counterion polymerization.6  
This chapter explores the use of a polymerizable counterion such as the acrylate 
anion within imidazolium-based ionic liquids. In particular, the phase behaviour of 
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1-hexadecyl-3-methylimidazolium acrylate, (C16mimAcr), upon the addition of 
water, was characterized by small and wide angle X-ray scattering, differential 
scanning calorimetry and polarized optical microscopy. 
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4.2  Impact of polymerizable moiety addition on the phase 
behaviour of a lyotropic imidazolium-based ionic liquid crystal 
4.2.1  DSC: phase transitions 
4.2.1.1 C16mimCl/water system 
Figure 4.1a shows the DSC profiles of C16mimCl as a function of water content. The 
lowest water content measured here is 4.8 wt.% since the complete removal of water 
from this system was very difficult. A single endothermic transition is observed at 
69.4 °C; this transition represents the crystal-mesophase transition.7, 8 As more water 
is added to the system, multiple endothermic transitions are observed, indicating the 
melting of various crystal phases into a SmA2 phase, each crystal phases with 
slightly different hydration levels. The complex endothermic events observed 
between 10 °C and 50 °C for the sample containing 20 wt.% water (green curve, 
Figure 4.1a) simplify significantly into a single endothermic event observed at 22 °C 
for the sample with 30 wt.% water. At 30 wt.% water content, the physical state of 
the sample changes from a waxy-like material to a gel. As such the endothermic peak 
now represents a lamellar gel phase to micellar phase transformation9 as previously 
suggested by Wu et al. At higher water contents (65 and 70 wt.% water) the 
endothermic event, which appears at 15 °C, represents the melting into a liquid 
phase. The endothermic transition at 0 °C present from 30 wt.% water represents a 
lamellar crystalline to a lamellar gel phase transformation, as suggested by Wu et 
al.,9 which becomes sharper as the water content is increased.  
As previously stated, drying the C16mimCl to lower than 4.8 wt.% water was very 
difficult, therefore repeated DSC scans of C16mimCl containing initially 4.8 wt.% 
water were performed, Figure 4.1c. With each scan the water is being removed from 
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the system, as verified by a weight loss measurement. Approximately, 1.28 wt.% loss 
is observed after the DSC measurement. As can be seen, the C16mimCl at 4.8 wt.% 
water exhibits only one endothermic transition at 69.4 °C representing the crystal-
mesophase transition of the hydrated crystal phase 7, 8. With subsequent scans the 
appearance of a second endothermic transition at 51.4 °C is observed, suggesting that 
the system has segregated into two distinct crystal phases with different water 
contents. 
4.2.1.2 C16mimAcr/water system 
Figure 4.1b shows the DSC profiles of the C16mimAcr as a function of water content. 
The lowest water content measured here is 4.9 wt.% (again complete removal of 
water from this system was very difficult). A broad endothermic event at 45 °C is 
observed, likely representing a crystal-mesophase transition. This endothermic 
transition has a clear higher-temperature shoulder present, which represents the 
melting of multiple crystal phases with different hydration levels into a SmA2 phase. 
Similar to the observations with C16mimCl, as water is added multiple crystal phases 
become present; however the width of the endothermic peak is narrower in the 
acrylate system compared to that in the chloride system suggesting a more 
homogenous dispersion of phases. At 30 wt.% water (pink curve, Figure 4.1.b) the 
system is a gel at room temperature, similar to the C16mimCl system. A notable 
difference between the acrylate and chloride systems is that, with water increasing to 
the highest water content measured here, the dominance of one endothermic peak is 
observed (as opposed to two in the C16mimCl system at 70 wt.% water); this 
suggests that water is more evenly incorporated into the acrylate system. 
Again, repeat DSC scans were performed on the lowest water content sample for the 
acrylate system, and are shown in Figure 4.1d. Here, the crystal-mesophase transition 
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was lowered by 7 °C, with a single and clearly sharper endothermic transition being 
observed as a result of the multiple scans; approximately 2.75 wt.% water was lost. 
Again, this suggests a better incorporation of the water into the acrylate-based 
system than into the chloride-based system, likely due to differences in the geometry 
and the hydrogen-bonding abilities of the two anions. 
 
 
Figure 4.1:DSC heating profiles of C16mimCl (a) and C16mimAcr (b) as a function of increasing water 
content. Repeated Scans of the C16mimCl at 4.8 wt.% water (c) and C16mimAcr at 4.9 wt.% water (d). 
(From -70 °C to 150 °C, 10 °C/min heating rate, 10 °C/min cooling rate). 
  
b) 
d) c) 
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4.2.2 SAXS and WAXS: phase assignments and physical states 
4.2.2.1 C16mimCl/water system 
Figure 4.2 shows the complete SAXS profiles of C16mimCl as a function of water 
content, highlighting the phase changes. A schematic representation of the phases 
present is also given. C16mimCl with 4.8 wt.% water is a lamellar phase (Lα) with the 
first diffraction peak appearing at q = 0.111 Å-1, corresponding to a repeat distance d 
= 2π/q = 56.5 Å. This d value corresponds to approximately twice the molecular 
length of the fully extended cation (i.e. ∼ 50 Å in absence of the chloride anion).9 In 
practice, the repeat distance is equal to the thickness of the bilayer plus the thickness 
of the water layer, so at 4.8 wt.% water, the water layer will be a small fraction of 
this distance.10 The formation of this extended bilayer (i.e. alkyl chains are packed 
end to end) has been previously observed by Bradley et al. and Doward et al. for this 
system. 7, 8 As the water content increases to 10 wt.%, the water now forms a 
substantial layer between the bilayers, but the repeat distance is reduced significantly 
to 26.2 Å. This can only occur if the extended bilayer conformation disappears and 
the system adopts an interdigitated bilayer conformation.7, 8 As the water content 
increases from 10 wt.% to 30 % wt. this repeat distance d increases from 26.2 Å to 
40.1 Å. Additionally, for the 10 wt.% and 20 wt.% water samples, the SAXS profiles 
show an extra peak at low q, which may correspond to an additional lamellar phase 
in an interdigitated bilayer conformation for each concentration. 
As the water increases from 40 wt.% water to 60 wt.% water, a biphasic system is 
observed, as suggested by the appearance of an extra broad diffraction peak centred 
at q = ∼ 0.11 Å-1 (Figure 4.2). This diffraction peak corresponds to an inter-micelle 
interference peak, indicating the correlation lengths of pair distribution functions of 
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micelles, ξc  = 57 Å (i.e. q = 2π/ξc ).9, 11 The coexistence of the lamellar phase and the 
micellar solution (L1) is observed up to 60 wt.% water; beyond this, at 70 wt.% 
water, only a micellar solution is observed. Interestingly, phase separation occurs for 
the C16mimCl containing 60 wt.% water, resulting in the formation of a gel phase 
and a liquid phase (See Figure 4.2). The SAXS pattern of the gel phase suggests the 
coexistence of the lamellar phase and the micellar solution, while the liquid phase 
corresponds to a micellar solution only. 
 
Figure 4.2: Integrated SAXS patterns of C16mimCl as a function of water content, and schematic 
illustrations of the different phases present. The blue and yellow colours represent the hydrophilic and 
hydrophobic domains of the different phases, respectively. Blue spheres represent the imidazolium rings 
and the anions, while black lines represent the alkyl chains. The symbol “+” indicates the coexistence of 
two phases, while “Or” implies one phase or the other.  
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Changes in physical states (crystalline to gel-like or fluid) and extent of ordering 
were assessed by WAXS at 20 °C. The WAXS profiles of C16mimCl as a function of 
water concentration are shown in Figure 4.3. Figure 4.3a shows WAXS profiles for 
samples with 4.8 to 30 wt.% water. As expected, the sample with lowest water 
content is a highly-ordered well-packed crystal.9, 12, 13 This configuration remains for 
water loadings up to 20 wt.%. At 20 wt.% the system start to undergo a crystal-
mesophase transition at 20°C, as suggested by the DSC data. At 30 wt.% water, the 
WAXS profile changes drastically, as does the physical state of the sample, going 
from a solid to a gel, with the pattern now showing only a single peak centred at q = 
1.51 Å-1, corresponding to a repeat distance d = 4.1 Å. This peak represents the 
carbon-carbon packing of the alkyl chains; it can be seen that as water content is 
increased, Figure 4.3b, this peak intensifies and becomes sharper, indicating better 
packing of the alkyl chains in these gel-like materials. At water concentrations above 
50 wt.%, the peak intensity gradually disappears and a more diffuse peak centred at q 
= ∼ 1.46 Å-1 is observed, as shown in Figure 4.3c. This reflects looser packing of the 
alkyl chains, characteristic of a fluid state.9, 12, 13  
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Figure 4.3: Integrated WAXS patterns of C16mimCl as a function of water content: 4.8, 10, 20, 30 wt.% 
water (a) 30, 40, 50, 60 (gel), 60 (liq) wt.% water (b), 60 (liq), 65 and 70 wt.% water (c).
  
a) b) 
c) 
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4.2.2.2 C16mimAcr/water system 
Figure 4.4 shows the complete SAXS profiles of C16mimAcr as a function of water 
content, highlighting the phase changes. A schematic representation of the phases 
present is also given. The SAXS profile of the sample containing 4.9 wt.% water 
suggests two main lamellar phases: Lα1 and Lα2 representing relatively “dry” and 
“wet” phases, where Lα1, q1 (100) = 0.225 Å-1, corresponding to a repeat distance d 
=2π/q = 27.9 Å and Lα2, q1 (100) = 0.183 Å-1 corresponding to a repeat distance d 
=2π/q = 34.2 Å. The repeat distances of the two lamellar phases suggests the 
formation of interdigitated bilayer configurations. The SAXS profiles for samples 
containing 10 or 20 wt.% water show multiple lamellar phases with interdigitated 
bilayer structures; gradual increases in d spacing are probably caused by increases in 
the thicknesses of the water layers. 
A change from lamellar to hexagonal phase (H1) is observed with increasing water 
content for samples containing 30 wt.% or 40 wt.% water; however, both lamellar 
and hexagonal phases are present. The repeat distances d for the lamellar phase and 
hexagonal phase are approximately 40.0 Å and 42.4 Å, respectively. For the sample 
containing 50 wt.% water, only the hexagonal phase is observed, showing a 
characteristic hexagonal pattern: q1 (100) : q2 (110) : q3 (200) : q4 (210) = 1:√3:√4:√7 
(Figure 4.4). The d spacing for the 50 wt.% hexagonal phase has increased to 46.5 Å 
indicating looser packing of the micellar cylinders.14  
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Figure 4.4: Integrated SAXS patterns of C16mimAcr as a function of water content with schematic 
representation of the phases present. The blue and yellow colours represent the hydrophilic and 
hydrophobic domains of each phase, respectively. Blue spheres represent the imidazolium rings and the 
anions, while black lines represent the alkyl chains. The symbol “+” indicates the coexistence of two 
phases; “OR” implies one phase or the other. 
At around 60-65 wt.% water, a discontinuous cubic phase (I1) is observed, as 
evidenced by the SAXS profiles in Figure 4.4. Discontinuous cubic phases have been 
reported to be located between the micellar solution (L1) and hexagonal phase 
(H1).14-20 The I1 present in the C16mimAcr/water system could be properly indexed as 
a Pmn lattice with up to 13 identified reflection peaks. The Pm3n space group 
consists of two spherical and six disc-shaped micelles per unit as proposed by 
Charvolin and Sadoc. 14, 15, 21-23 The unit cell parameter, a, for the I1 phase was 117.4 
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Å for the sample containing 65 wt.% water. Figure 4.5 illustrates a discontinuous 
cubic phase with Pmn symmetry in a continuous aqueous medium.  
 
 
Figure 4.5: A discontinuous cubic phase with Pmn symmetry. The blue and yellow colours represent the 
hydrophilic and hydrophobic domains of the micelle, respectively. 
Past the I1 phase, a micellar solution (L1) is formed, as suggested by the appearance 
of an inter-micelle interference peak centred at q = ∼ 0.11 Å-1. This indicates a 
correlation length of the pair distribution function for micelles, ξc  = 57 Å (i.e. q = 
2π/ξc ).9, 11 
Again, the physical state of the C16mimAcr system as a function of water content 
was assessed by WAXS. The WAXS profiles at 20 °C of C16mimAcr containing 4.9 
to 30 wt.% water are shown in Figure 4.6a. For the sample containing 4.9 wt.% 
water, a highly-ordered crystal (or perhaps two highly-ordered crystals) is observed 
as suggested by the WAXS data (Figure 4.6a).9, 12, 13 For the C16mimAcr system, the 
highly-ordered arrangement is present up to 10 wt.% water. From 20 to 30 wt.% 
water, the WAXS profiles still show some reflection peaks, which can be indexed as 
some remaining lamellar phase. However the peak centred at q = ∼ 1.39 Å-1 
corresponds to the carbon-carbon packing information in the alkyl chains, giving a 
repeat distance d = ∼ 4.5 Å.9, 12, 13 This carbon-carbon packing could be attributed to 
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the lamellar phase, as suggested by the disappearance of this peak when only the 
hexagonal phase is present (at 50 wt.% water), as be seen in Figure 4.6b. 
From 40-65 wt.% water, the presence of a more diffuse peak centred at q = ∼ 1.4 Å-1 
is observed, corresponding to looser packing of the alkyl chains.9, 12, 13 This peak 
progressively vanishes beyond 70 wt.% water; this is consistent with the decline of 
the intermicelle interference peak in the SAXS region. 
 
Figure 4.6: Integrated WAXS patterns for C16mimAcr as a function of water content: 4.9, 10, 20, 30 wt.% 
water (a) 30, 40, 50, 60, 70, 75 and 80 wt.% water (b). 
Polarized optical microscopy has been used as a complementary technique to 
identify the mesophases present in the C16mimAcr/water system. Figure 4.7 shows 
the POM images of C16mimAcr at 20 wt.% (a), 40 wt.% (b) and 60 wt.% (c) water at 
room temperature. As can be seen in Figure 4.7a, a characteristic texture of a 
lamellar phase is observed for the sample containing 20 wt.% water.24-28 The optical 
texture of the C16mimAcr at 40 wt.% water (Figure 4.7b) is as expected for a 
hexagonal phase (H1).24, 25, 27-29 The POM image of the sample with 60 wt.% water 
(Figure 4.7c) shows no birefringence, consistent with the formation of a 
discontinuous cubic phase (I1) as suggested by the SAXS data.14 
a) b) 
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Figure 4.7: Polarized optical microscopy images of C16mimAcr at 20 wt.% water (a), 40 wt.% water (b) 
and 60 wt.% water (c); all at room temperature. 
4.3  Comparison between C16mimCl/water and C16mimAcr/water 
systems 
From the SAXS and WAXS data taken at 20 °C, the C16mimAcr/water system shows 
more complex phase behaviour compared to that of the chloride system. At low 
water content (i.e. below 20 wt.% water), the crystal packing arrangement of the 
C16mimCl is less disrupted by water addition compared to that of the C16mimAcr, as 
suggested by the WAXS data, which showed the existence of a highly-ordered well-
packed crystal being maintained up to water concentrations of 20 wt.% for the 
C16mimCl. On the other hand, the crystal packing arrangement was maintained in the 
acrylate system up to a water content of 10 wt.%. These results are consistent with 
the DSC observation that the shift to higher temperature of the crystal-mesophase 
transition is more pronounced for the C16mimCl system compared to the C16mimAcr 
system. This is probably because of the differences in the geometry of the two 
anions, in particular the bulky shape of the acrylate anion. In addition to the 
differences in anion geometry, the binding between the anion and water is also 
different: water binds weakly to chloride and relatively strongly to acrylate.30 
Previous studies have shown that hydrogen bonding is favoured between water 
molecules and the proton of the imidazolium ring (i.e. proton H2, located between the 
a) b) c) 
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two nitrogen atom), and between water molecules and the anion — this breaks up the 
imidazolium ring−anion hydrogen bond and the ring−ring assembly.31-34  
Figure 4.8 shows the phase diagrams as a function of water content for the two ionic 
liquid systems. As the water content increases, the C16mimCl system undergoes a 
phase transition from lamellar gel (Lα) phase to a micellar solution (L1). The 
C16mimAcr system show more complex phase behaviour, going from a lamellar gel 
phase (Lα) to a Hexagonal phase (H1), then a discontinuous cubic phase (I1) and 
finally a micellar solution (L1). It is well known that the counterion plays an 
important role in the self-assembly of cationic surfactant structures, since changing 
the binding properties of the counterion impacts the effective head group area (a0, 
surface area occupied by each surfactant molecule).30 The appearance of the 
hexagonal (H1) and discontinuous cubic phases (I1) for the acrylate system again 
highlights how the different anion geometries impact the structures of the systems, 
and how the water molecules are intercalated in the system. The binding between the 
anion and the water is also different; the stronger binding between water and acrylate 
(compared to that between water and chloride) leading to an increase of the head 
group area due to the intercalation of water molecules between the imidazolium ring 
and the anion.30-32, 35  
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Figure 4.8: Phase diagrams of C16mimCl (a) and C16mimAcr (b) as a function of water content at 20 °C 
established from the SAXS and WAXS data. The blue and yellow colours represent the hydrophilic and 
hydrophobic domains of each phase, respectively. Blue spheres represent the imidazolium rings and the 
anions, while black lines represent the alkyl chains. The symbol “+” indicates the coexistence of two 
phases; “OR” implies one phase or the other. 
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4.4  Conclusion 
The addition of a polymerizable moiety, by exchanging the chloride anion of a 1-
hexadecyl-3-methylimidazolium-based ionic liquid crystal with an acrylate anion, 
has a significant impact on the variety of self-assembled architectures triggered upon 
water addition. The phase behaviour of a novel polymerizable lyotropic ionic liquid 
crystal, C16mimAcr, has been investigated as a function of water content, and 
compared with that of the chloride analogue, C16mimCl. The C16mimAcr system 
exhibits more complex phase behaviour at 20 °C compared to that of the C16mimCl 
system, with the formation of a lamellar phase (Lα), a hexagonal phase (H1) and a 
discontinuous cubic phase (I1). On the other hand, only the formation of a lamellar 
phase is observed for the C16mimCl. The differences observed here for the two 
systems are likely to be caused by the strongly hydrating nature of the acrylate anion, 
which, by increasing the head group area, favours the formation of additional 
lyotropic liquid crystalline mesophases.  
The polymerizability of the C16mimAcr system, together with the additional 
formation of hexagonal phase (H1) and discontinuous cubic phase (I1) offers great 
potential to make advanced nanostructured polymers with specific transport 
properties.  
Polymerization of this new polymerizable LLC, in particular the impacts of 
crosslinking agent on mesophases present pre- and post- polymerization, and the 
effects of crosslinking agents on polymerization kinetics will now be presented.  
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5.1  Introduction  
In chapter Four, the phase diagram of the C16mimAcr/water system as a function of 
water content at 20 °C was constructed, highlighting the formation of interesting 
liquid crystalline phases, including a hexagonal phase and a discontinuous cubic 
phase. These phases may be candidates for separation membranes and polymer 
electrolyte materials.1-4 However, a major drawback of LLCs to give well-defined 
nanostructured materials for these kinds of applications is the poor mechanical 
properties of LLC systems.3, 5-7 A possible solution to this lies in the development of 
a photo-polymerized LLC system, whereby long-range order could be maintained 
after the photo-polymerization of a component present in the LLC system, either a 
linker, a polymerizable surfactant molecule or both.8-10 
Because the polymerizable liquid crystal investigated in this study carries only a 
single polymerizable functional group, the use of a suitable co-linker is required for 
the fabrication of a cross-linked polymer.11, 12 Therefore, the impacts of linker 
chemistry, as well as linker concentration, on the liquid crystalline phases formed by 
the C16mimAcr/water/linker systems pre-polymerization have been studied using 
small-angle X-ray scattering, polarized optical microscopy and differential scanning 
calorimetry. To explore the impact of linker chemistry, the following linkers have 
been selected: poly(ethylene glycol) diacrylate (PEGDA), poly(ethylene glycol) 
dimethacrylate (PEGDMA), 2-hydroxyethyl acrylate (HEA) and hydroxyethyl 
methacrylate (HEMA). The chemical structure of the linkers investigated in this 
study is presented in Figure 5.1. Finally, the polymerization capability of the 
C16mimAcr/water/linker systems has been explored and the results will be also 
presented in this chapter. 
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Figure 5.1: Chemical structure of the linker investigated in this study: PEGDA (a), PEGDMA (b), HEA (c) 
and HEMA (d) 
The second part of this chapter diverges slightly from the motivation for the first 
section in that it explores the ability of surfaces, in particular amine-functionalized 
surfaces, to control the alignment of the hexagonal liquid crystalline phase in an 
attempt to induce macroscopic ordering into the polymer membranes. Although, the 
design of advanced nanostructured materials via polymerization of LLC systems 
with full structure retention remains challenging, control of alignment of anisotropic 
architectures, such as the one formed by a hexagonal liquid crystalline phase, 
represents a key factor for the development of advanced materials with anisotropic 
transport properties for separation membranes and electrochemical device 
applications.4, 13, 14 Here, the functionalization of surfaces was performed using a 
well-known aminosilane treatment.14 Several factors, such as sample thickness and 
cooling treatment of the hexagonal phase from its isotropic state (i.e. micellar phase) 
were investigated and the degree of alignment was assessed using polarized optical 
microscopy and synchrotron small-angle X-ray scattering (SAXS). To study the 
alignment of the hexagonal phase, the C16mimAcr/water/HEMA system containing 
33.7/47.0/19.3 wt.%, respectively, was selected among all the different systems 
investigated in the part one of this chapter because this system exhibits a well-
ordered hexagonal phase at 20 °C.  
O
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5.2  Impact of linker incorporation on liquid crystalline phase: pre-
polymerization study 
The C16mimAcr/water system containing 35 wt.% ionic liquid and 65 wt.% water 
was chosen for this study because this composition is homogeneous, and forms a 
discontinuous cubic phase (Pmn space group) only. Additionally, the mesophase 
present in this system melts into an isotropic state (i.e. fluid state, micellar phase) 
before water evaporation occurs, unlike systems with lower water contents. This 
transition into a fluid micellar phase is critical for homogenous incorporation of host 
molecules or particles, such as gold nanoparticles15 and carbon nanotubes16, 17, for 
the design of advanced materials. 
 
5.2.1 Poly(ethylene glycol) diacrylate incorporation 
PEGDA was incorporated into the C16mimAcr/water system by substituting some of 
the water for PEGDA. The following PEGDA concentrations were investigated: 0, 5, 
10, 20 and 30 wt.%. The impact of PEGDA incorporation on the phase transition of 
the C16mimAcr/water/PEGDA systems was studied using DSC, and the impact of 
PEGDA concentration on the liquid crystalline phase of the 
C16mimAcr/water/PEGDA systems was examined by small-angle X-ray scattering. 
 
5.2.1.1 DSC: phase transitions 
Figure 5.2 shows the first and second DSC heating scans for 
C16mimAcr/water/PEGDA as a function of PEGDA concentration. For all 
concentrations investigated, except 30 wt.% PEGDA (which was the only fluid 
sample), the main endothermic event around 0 °C appears more resolved during the 
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second heating scan. For the second heating scan, the sample has been heated into an 
isotropic state and then cooled down to -100 °C. This relatively slow cooling process 
(i.e. 10 °C /min) may allow better crystallization of the system, resulting in more 
resolved endothermic peaks for the second heating scans. Unless specified, 
discussion of DSC curves in this section refers to the second heating scan.  
 
Figure 5.2. DSC heating profiles of the C16mimAcr/water/PEGDA system containing: 35/65/0 wt.% (dark 
yellow), 35/60/5 wt.% (magenta), 35/55/10 wt.% (turquoise), 35/45/20 wt.% (blue) and 35/35/30 wt.% (red); 
(a) 1st heating scan and (b) 2nd heating scan. 
As previously stated in chapter Four (refer to section 4.2.1), the second heating scan 
for the sample containing 35 wt.% IL and 65 wt.% water exhibits a sharp 
endothermic peak around 4 °C with a higher temperature shoulder. As suggested by 
Wu et al., this main endothermic transition represents a lamellar crystalline phase to 
a lamellar gel phase transformation, while the higher temperature endothermic 
transition is likely to be a lamellar gel phase to discontinuous cubic phase 
transformation.18 As PEGDA is incorporated into the system, this higher temperature 
shoulder becomes more pronounced. This endothermic transition gradually shifts to 
higher temperature with increasing PEGDA concentration, to finally become a 
distinct endothermic event, observed at 13 °C for the sample containing 30 wt.% 
PEGDA. At this concentration, this endothermic event also represents the melting 
a) b) 
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into a liquid phase. On the other hand, the samples containing 0 to 20 wt.% PEGDA 
are all gel-like materials. As the PEGDA concentration increases, the other 
endothermic event (which represents a lamellar crystalline phase to lamellar gel 
phase transformation) shifts from 4 °C to lower temperatures; at 30 wt.% PEGDA, 
this endothermic transition is observed at -4 °C. Additionally, a glass transition 
around -69 °C and an exothermic event around -47 °C (probably crystallization of 
the system) become apparent as more PEGDA is incorporated. 
A noticeable difference between the first and second heating scans for the samples 
containing 0 to 20 wt. % PEGDA is the appearance of a weak endothermic event 
between 40 °C and 80 °C during the first heating scans, which is not apparent in the 
second heating scans. These endothermic events probably represent melting of the 
system into an isotropic state. The latent heat associated with these endothermic 
events is of the order of 1-2 J/g, consistent with latent heat values for a liquid crystal 
to isotropic transition.19 For the sample containing 65 wt.% water (i.e. no PEGDA), 
this endothermic event is observed at 45.9 °C and probably represents melting of the 
discontinuous cubic phase into an isotropic state. As small amounts (5 or 10 wt.%) of 
PEGDA are added to the system, this transition shifts to higher temperatures, and is 
observed at 65.9 °C for 10 wt.% PEGDA, suggesting that the addition of PEGDA, up 
to 10 wt.%, stabilizes the discontinuous cubic mesophase in these systems. However, 
at 20 wt.% PEGDA this endotherm has shifted back to 49.5 °C, suggesting that the 
additional PEGDA no longer stabilizes the discontinuous cubic mesophase. 
While the system containing 35 wt.% IL and 65 wt.% water exhibits a discontinuous 
cubic phase; at 30 wt.% IL and 70 wt.% water, the cubic mesophase is disrupted and 
a micellar solution is observed instead (refer to section 4.2.2). This indicates that 
65 wt.% water is close to the maximum water content the system can tolerate before 
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disruption of the discontinuous cubic phase. Therefore it could be rationalized that 
substitution of 5 or 10 wt.% water by PEGDA stabilizes the mesophase present by 
reducing the total amount of water. However, at 20 wt.% PEGDA, there are 
insufficient water molecules to effectively solvate the headgroup of the ionic liquid , 
so the melting point of the system decreases. The sample containing 30 wt.% 
PEGDA is fluid at room temperature, suggesting still further disruption of the liquid 
crystalline phase.  
5.2.1.2 SAXS: phase assignments 
Figure 5.3 shows the SAXS profiles of C16mimAcr/water/PEGDA as a function of 
PEGDA concentration. The C16mimAcr/water system containing 65 wt.% water and 
35 wt.% IL exhibits a SAXS pattern characteristic of a discontinuous cubic phase, 
which could be properly indexed as a Pmn space group (refer to section 4.2.2). The 
discontinuous cubic phase is observed for all PEGDA concentrations up to 20 wt.%; 
it was indexed as a Pmn lattice, with up to 15 identified reflection peaks for the 
sample containing 20 wt.% PEGDA. As PEGDA concentration increases up to 20 
wt.%, the SAXS pattern gradually shifts to higher q values, suggesting that the lattice 
parameter, a, of the discontinuous cubic phase is decreasing (see Table 5.1 for 
calculations of lattice parameter). This decrease in a is probably because the water 
layer around each micelle has shrunk as the global amount of water has been 
reduced. It has been reported that polar fragrance compounds solubilized into a 
discontinuous cubic phase showed a strong tendency locate at the headgroup 
interface, causing a reduction of the lattice parameter.20, 21 Therefore, the reduction in 
lattice parameter as more PEGDA (i.e. polar compounds) is added to the 
discontinuous cubic phase suggests that the PEGDA molecules are well solubilized 
at the headgroup interface. 20, 21 
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Table 5.1: Space group and calculated lattice parameter, a, for C16mimAcr/water/PEGDA as a function of 
PEGDA concentration, at 20 °C 
C16mimAcr/water/PEGDA systems 
PEGDA concentration 
 (wt.%) 0 5 10 20 
Space group Pmn Pmn Pmn Pmn 
Lattice parameter a  
(Å) 117.4 ± 0.7 111.9 ± 0.4 108.1 ± 0.7 97.5 ± 0.4 
 
At 30 wt.% PEGDA, the SAXS pattern of the system changes drastically and an 
inter-micelle interference peak centred at q = ∼ 0.15 Å-1 appears. This indicates a 
correlation length of the pair distribution function of micelles, ξc = 41.7 Å (from q = 
2π/ξc),18, 22 and is consistent with the change in the physical state of the sample, 
going from a gel-like material to a liquid. This ξc value is much lower than twice the 
molecular length of the fully extended cation (i.e. 50 Å in absence of anion18), 
implying that the alkyl chains are not fully extended. 
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Figure 5.3: Integrated SAXS patterns of C16mimAcr/water/PEGDA systems containing: 35/65/0 wt.% 
(dark yellow), 35/60/5 wt.% (magenta), 35/55/10 wt.% (turquoise), 35/45/20 wt.% (blue), 35/35/30 wt.% 
(red). 
Figure 5.4 shows the POM images of C16mimAcr/water/PEGDA samples containing 
0, 5, 10 and 20 wt.% PEGDA. No birefringence was observed for any of these 
PEGDA concentrations; this is consistent with the formation of a discontinuous 
cubic phase as suggested by the SAXS data.23 
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Figure 5.4: Polarized optical microscopy images of C16mimAcr/water/PEGDA as a function of PEGDA 
concentration. 
Figure 5.5 shows the SAXS patterns for 35/45/20 wt.% C16mimAcr/water/PEGDA as 
a function of temperature. The discontinuous cubic phase is maintained up to 40 °C. 
At 60 °C, the SAXS pattern of the system changes drastically and an inter-micelle 
interference peak centred at q = ∼ 0.15 Å-1 appears, suggesting that the system has 
melted into a micellar phase (i.e. fluid state). This corresponds to a correlation length 
of pair distribution function of micelles, ξc = 41.1 Å.18, 22 This result is consistent 
with the observation of a weak endothermic event at 49.5 °C for the sample 
containing 20 wt.% PEGDA, likely representing the melt of the discontinuous cubic 
phase into a micellar phase. (See Figure 5.2) 
20 wt.% PEGDA 10 wt.% PEGDA 5 wt.% PEGDA 0 wt.% PEGDA 
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Figure 5.5: Integrated SAXS patterns for 35/45/20 wt.% C16mimAcr/water/PEGDA at different 
temperatures: 20 °C (black), 40 °C (red) and 60 °C (blue). 
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5.2.2 Poly(ethylene glycol) dimethacrylate incorporation 
To study the impact of the incorporation of PEGDMA and other linkers, the 
following system composition: C16mimAcr/water/linker (35/45/20 wt.%) was chosen 
because of its polymerization kinetics, as will be discussed later in this chapter. 
5.2.2.1 DSC: phase transitions 
Figure 5.6 shows the first and second DSC heating scans of the 
C16mimAcr/water/linker systems containing 20 wt.% PEGDA or PEGDMA. The 
DSC profiles of the systems with PEGDA and PEGDMA are quite comparable, as 
expected from the similar chemical structures of the two linkers. The major 
noticeable difference is that the endothermic event at –1.7 °C for the PEGDMA 
system, representing the lamellar crystalline phase to lamellar gel phase 
transformation, is at slightly lower temperature than in the PEGDA system. 
Additionally, this endothermic event is sharper for the PEGDMA system than for the 
PEGDA system, suggesting that the PEGDMA system is more ordered. The higher 
temperature shoulder is better resolved in the PEGDMA system, again indicating that 
this system is more ordered than the PEGDA system. 
Another interesting difference between these two systems is the weak endothermic 
event seen at 85.8 °C for the PEGDMA sample, which probably represents melting 
of the mesophase into an isotropic state. This transition occurs at much lower 
temperature for the PEGDA system (i.e. 49.5 °C), again suggesting that the 
PEGDMA system is more ordered and therefore shows increased stability of the 
mesophase. 
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Figure 5.6: DSC heating profiles of 35/45/20 wt.% C16mimAcr/water/PEGDMA (red) and of 35/45/20 wt.% 
C16mimAcr/water/PEGDA (blue); (a) 1st heating scan and (b) 2nd heating scan. 
5.2.2.2 SAXS: phase assignments 
Figure 5.7 shows SAXS patterns of the C16mimAcr/water system containing 65 wt.% 
water and the 35/45/20 wt.%  C16mimAcr/water/PEGDMA system. Similar to the 
PEGDA system, the SAXS pattern of the PEGDMA system exhibits a characteristic 
pattern of a discontinuous cubic phase, which could be indexed as a Pmn lattice 
with up to 12 identified reflection peaks. The lattice parameter, a, of the PEGDMA 
system was 100.4 Å. This value is slightly larger than the lattice parameter calculated 
for the PEGDA system containing 20 wt.% PEGDA, which is surprising as the 
molecular weight of PEGDMA is significantly smaller than that of PEGDA (i.e. Mw 
of PEG block = 400 and 575 for PEGDMA and PEGDA, respectively). The smaller 
reduction of the lattice parameter for PEGDMA system may indicate that the 
PEGDMA molecules are not fully located at the headgroup interface, but instead, 
may be slightly deeper in the hydrophobic domain,20, 21 possibly due to the presence 
of methacrylate functional group as well as the reduction of ethylene glycol unit 
number, which adds some hydrophobic nature to the linker.  
Most of the POM image of the PEGDMA system (See Figure 5.7) shows no 
birefringence, which is consistent with the formation predominantly of a 
a) b) 
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discontinuous cubic phase, as suggested by the SAXS data. However, a small extent 
of strong birefringence is observed around the edge of the sample suggesting the 
presence of an additional anisotropic phase, likely due to water evaporation. 
Propagation of the birefringence from the edge to the middle of the sample is 
observed with time (data not shown). 
 
Figure 5.7: Integrated SAXS patterns of C16mimAcr/water system containing 65 wt.% water (black) and 
35/45/20 wt.% C16mimAcr/water/PEGDMA system; inserts are the POM images of the respective systems. 
Figure 5.8 shows the SAXS patterns of the 35/45/20 wt.% 
C16mimAcr/water/PEGDMA system as a function of temperature. Surprisingly, 
drastic changes in the SAXS pattern of the PEGDMA system are observed at 40 °C, 
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with the appearance of a relatively broad diffraction peak centred at 0.155 Å-1. An 
additional diffraction peak centred at 0.268 Å-1 is observed, which could be indexed 
to the main diffraction peak with the following relationship: q1(100) : q2(110) =  
1:√3. This indicates the formation of a hexagonal phase. As the temperature is 
increased up to 90 °C, the hexagonal phase seems stable, although the width of the 
first order of diffraction decreases with the increasing temperature from 40 °C to 
60 °C. Then the opposite trend is observed for temperatures going from 60 °C to 
90 °C. The reduction in width of the first order diffraction indicates that the 
distribution of the cylindrical micelle’s diameter becomes narrower, suggesting the 
presence of a more ordered hexagonal phase.3 This is consistent with the appearance 
of a third diffraction peak at 60 °C, with could be attributed to the 200 reflection of 
the hexagonal phase. The increase of the width of the first order diffraction peak 
observed as temperature changes from 60 °C to 90 °C could indicate a progressive 
melting of the hexagonal phase (more disordered),3 although the hexagonal structure 
is still mainly maintained at 90 °C. The SAXS pattern of the PEGDMA system 
cooled down from 90 °C to 20 °C indicates the presence of a hexagonal phase, 
suggesting that the composition of the system has changed during the heating 
process. This is likely caused by water evaporation, because water condensation is 
observed on the inside walls of the sealed capillary. This is consistent with the 
appearance of strong birefringence at the sample edge as seen in the POM. It is 
interesting that the PEGDMA system seems to have a more pronounced tendency to 
water evaporation compared to the PEGDA system (which undergoes a melt of its 
discontinuous cubic phase into a micellar phase at 49.5 °C as suggested by DSC and 
SAXS data). However, it was also observed that the PEGDA system undergoes a 
phase rearrangement, from a micellar phase to a hexagonal phase, when the sample 
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was heated from 60 °C to 80 °C, again caused by water evaporation (data not 
shown). The tendency of the PEGDMA system to lose water more easily compared 
to the PEGDA system could be attributed to some difference in the solvation state of 
the amphiphile headgroup induced by the linker chemistry. 
 
Figure 5.8: Integrated SAXS patterns of 35/45/20 wt.% C16mimAcr/water/PEGDMA at different 
temperatures: 20 °C (black), 40 °C (red), 60 °C (blue), 80 °C (turquoise), 90 °C (magenta) and cooled 
back down to 20 °C (black dashed line). 
  
 Chapter Five: Towards polymeric membranes:  Linker incorporation impact 117 
5.2.3 2-hydroxyethyl acrylate incorporation 
5.2.3.1 DSC: phase transitions 
Figure 5.9 shows the first and second DSC heating scans of the 
C16mimAcr/water/linker systems containing 20 wt.% HEA or PEGDA. Significant 
changes in the DSC profile of the HEA system are observed compared to the 
PEGDA system. A complex endothermic event is observed between -30 °C and 5 °C 
(i.e. referring to second heating scan), likely representing the lamellar crystalline 
phase to lamellar gel phase transformation and the lamellar gel phase to either a 
micellar or columnar mesophase transformation. Unlike the systems containing 
PEGDA or PEGDMA, the HEA system does not undergo any crystallization or glass 
transitions in the temperature range studied. A weak endothermic event is observed 
at 35.4 °C during the first heating scan, likely representing the melting of the 
mesophase into an isotropic state. 
 
Figure 5.9: DSC heating profiles of 35/45/20 wt.% C16mimAcr/water/HEA (red) and of 35/45/20 wt.% 
C16mimAcr/water/PEGDA (blue); (a) 1st heating scan and (b) 2nd heating scan. 
5.2.3.2 SAXS: phase assignments 
Figure 5.10 shows the SAXS patterns of the C16mimAcr/water system with 65 wt.% 
water and the C16mimAcr/water/HEA system containing 35/45/20 wt.% respectively. 
a) b) 
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The SAXS pattern of the HEA system exhibits a pattern characteristic of a 
discontinuous cubic phase, which could be indexed as a Pmn lattice with up to 15 
identified reflection peaks. Again, the SAXS pattern of the HEA-containing system 
is shifted to higher q values compared to that of the C16mimAcr/water system. The 
lattice parameter, a, of the HEA system was 95 Å. This value is slightly smaller than 
the lattice parameter calculated for the PEGDA system containing 20 wt.% PEGDA, 
likely indicating better solvation of the HEA linker at the headgroup interface.20, 21 
The POM image of the C16mimAcr/water/HEA system (see Figure 5.10) shows no 
birefringence, which is consistent with the formation of a discontinuous cubic phase 
as suggested by the SAXS data.23 
 
 Chapter Five: Towards polymeric membranes:  Linker incorporation impact 119 
Figure 5.10: Integrated SAXS patterns of 35/65 wt.% C16mimAcr/water (black) and 35/65/20 wt.% 
C16mimAcr/water/HEA system (red), insets are POM images of the respective systems. 
Figure 5.11 shows the SAXS patterns of 35/45/20 wt.% C16mimAcr/water/HEA as a 
function of temperature. The discontinuous cubic phase present in this system is 
already lost at 40 °C, and an inter-micelle interference peak centred at q = ∼ 0.15 Å-1 
appears, suggesting that the system has melted into a micellar phase (i.e. fluid state). 
This is consistent with the observation of a weak endothermic event at 35.4 °C in the 
DSC profile of the HEA-containing system. 
As temperature increases, the inter-micelle interference peak gradually shifts to 
higher q values, suggesting that the micellar phase is progressively vanishing. The 
correlation lengths of the pair distribution functions of micelles, ξc (i.e. q = 2π/ξc) are 
41.1 Å and 39.0 Å at 40 °C and 60 °C, respectively.  
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Figure 5.11: Integrated SAXS patterns of 35/45/20 wt.% C16mimAcr/water/HEA at different 
temperatures: 20 °C (black), 40 °C (red) and 60 °C (blue). 
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5.2.4 2-hydroxyethyl methacrylate incorporation 
5.2.4.1 DSC: phase transitions 
Figure 5.12 shows the first and second DSC heating scans of the 
C16mimAcr/water/linker systems containing 20 wt.% HEMA, HEA or PEGDA. The 
DSC results for the HEMA system are similar to those for the HEA system, with a 
complex endothermic event observed between -30 °C and 10 °C, likely representing 
both the lamellar crystalline phase to the lamellar gel phase transformation and a 
lamellar gel phase to either micellar or columnar mesophase transformation of the 
system. Additionally a weak endothermic event is observed at 70.4 °C, likely 
representing the melting of the mesophase present in this system into an isotropic 
state. Interestingly, this transition is at a much higher temperature than the one 
observed in the HEA system. A similar trend was observed for the PEGDA and 
PEGDMA systems, which was attributed to difference in ordering between the two 
systems, as suggested by the DSC data. However, since the main endothermic event 
present in the DSC profile for the HEA-containing sample is not sharper than that 
observed in the HEMA system, the difference in melting temperature of the 
mesophases cannot necessarily be attributed to difference in degree of ordering 
between the two systems. Instead, this phenomenon may suggest that the mesophase 
present in the HEMA-containing system is different from that in the HEA-containing 
system and thus their respective stabilities may also be different, as discussed further 
below. 
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Figure 5.12: DSC heating profiles of 35/45/20 wt.% C16mimAcr/water/HEMA (red), 35/45/20 wt.% 
C16mimAcr/water/HEA (turquoise) and 35/45/20 wt.% C16mimAcr/water/PEGDA (blue); (a) 1st heating 
scan and (b) 2nd heating scan. 
5.2.4.2  
5.2.4.3 SAXS: phase assignments 
Figure 5.13 shows the SAXS patterns of 35/65 wt.% C16mimAcr/water and 35/45/20 
wt.% C16mimAcr/water/HEMA. Incorporation of HEMA has a significant impact on 
the SAXS patterns, suggesting that liquid crystalline phase present in this system has 
changed. The SAXS pattern of the HEMA system is characteristic of a hexagonal 
phase, with up to 3 identified reflection peaks. The POM image of this system 
(Figure 5.13) shows strong birefringence with a typical fan-like texture, supporting 
the formation of a hexagonal phase.24, 25 
a) b) 
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Figure 5.13: Integrated SAXS patterns of 35/65 wt.% C16mimAcr/water (black) and 35/45/20 wt.% 
C16mimAcr/water/HEMA (red), insets are POM images of the respective systems. 
Figure 5.14 shows the SAXS patterns of 35/45/20 wt.% C16mimAcr/water/HEMA as 
a function of temperature. The hexagonal character is clearly maintained up to 40 °C. 
However, an increase in the width of the first order of diffraction of the hexagonal 
phase is observed at 60 °C along with the extinction of the third order of diffraction 
peak, suggesting that the hexagonal phase is becoming less ordered,3 as expected 
since the melting point of this mesophase is around 70.4 °C, according to the DSC 
data. At 80 °C, the system is now mostly melted into a micellar phase, as suggested 
by the appearance of an inter-micelle interference peak centred at q = ∼ 0.16 Å-1. The 
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relatively sharp maximum of the inter-micellar interference peak may indicate that 
some residual hexagonal phase remains. 
 
Figure 5.14: Integrated SAXS patterns of 35/45/20 wt.% C16mimAcr/water/HEMA at different 
temperatures: 20 °C (black), 40 °C (red), 60 °C (blue), 80 °C (turquoise) and 90 °C (magenta). 
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5.3  Impact of linker incorporation: exploring the polymerizability 
Preliminary polymerization tests were performed on all C16mimAcr/water/linker 
systems investigated in Section 5.2. In this section, polymerization kinetics and 
physical properties of the different C16mimAcr/water/linker systems post-UV-
exposure will be discussed. Detailed phase characterization of the post-polymerized 
systems is presented in Chapter Six. 
5.3.1 Physical observations 
5.3.2 Poly(ethylene glycol) diacrylate incorporation: Effect of 
concentration 
Table 5.2 summarizes the visual observations made on C16mimAcr/water/PEGDA 
systems as a function of PEGDA concentration and UV-exposure time. As expected, 
when the PEGDA concentration increases the UV-exposure time required to produce 
a self-standing film decreases. Self-standing polymer is produced in only 30 minutes 
for the system containing 20 wt.% PEGDA, while at least 2 hours of UV-exposure is 
required to produce self-standing polymer for both 5 wt.% and 10 wt.% PEGDA 
systems. Although the polymerization kinetics are known to be extremely dependent 
on the chemistry of the polymerizable moieties (i.e. acrylate vs. methacrylate in this 
case), preliminary polymerization tests on the other linker systems were performed 
on samples containing 20 wt.% linker, because this concentration gave the fastest 
polymerization for the PEGDA-containing system. 
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Table 5.2: Visual observations of C16mimAcr/water/PEGDA as a function of PEGDA concentration and 
UV-exposure. 
C16mimAcr/water/linker 
Systems 
Composition 
(wt.%) 
30 minutes 
UV- exposure 
2 hours 
UV- exposure 
C16mimAcr/water/PEGDA 35/45/20 Self-standing film Not performed 
C16mimAcr/water/PEGDA 35/55/10 Sticky gel Self-standing film 
C16mimAcr/water/PEGDA 35/60/5 Sticky gel Self-standing film 
 
5.3.3 Other linkers 
Table 5.3 summarizes the visual observations made on C16mimAcr/water/linker 
systems containing 20 wt.% PEGDA, PEGDMA, HEA or HEMA as a function of 
UV-exposure time. The PEGDA system shows the fastest polymerization kinetics, 
producing a self-standing film in only 30 minutes. The PEGDMA and HEA systems 
required at least 80 minutes of UV-exposure to yield self-standing films, whereas no 
self-standing film was produced, even after 3 hours of UV-exposure, for the HEMA 
system. It is well known that the type of liquid crystalline phase has a significant 
impact on the polymerization kinetics of polymerizable LLC systems.3 For example, 
faster photo-polymerization of LLC systems exhibiting a lamellar phase (compared 
with hexagonal phase) has been reported.3 This could explain why the photo-
polymerization of the HEMA system, which displays a hexagonal phase, does not 
result in the formation of a self-standing film, whereas the HEA system with a 
discontinuous cubic phase does yield a self-standing film. However, this hypothesis 
does not explain why the PEGDA system polymerizes faster than the PEGDMA 
system, as both systems display a discontinuous cubic phase. The most likely 
explanation for this difference in polymerization kinetics is the greater reactivity of 
the acrylate moiety compared to that of the methacrylate moiety. 
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Table 5.3: Visual observations of C16mimAcr/water/linker systems after UV-exposure. 
C16mimAcr/water/linker 
Systems 
Composition 
(wt.%) 
30 minutes 
UV- exposure 
80 minutes 
UV- exposure 
3 hours 
UV- exposure 
C16mimAcr/water/PEGDA 35/45/20 
Self-standing 
film Not performed Not performed 
C16mimAcr/water/PEGDMA 35/45/20 Sticky gel 
Self-standing 
film 
Self-standing 
film 
C16mimAcr/water/HEA 35/45/20 Not performed 
Elastic self-
standing film 
Elastic self-
standing film 
C16mimAcr/water/HEMA 35/45/20 Not performed Sticky gel Sticky gel 
 
Although the photo-polymerization of the HEMA system does not lead to the 
formation of a self-standing polymer, the hexagonal phase that this system exhibits 
prior-polymerization could have great potential for the design of advanced 
nanostructured polymers with anisotropic transport properties.4 It was hypothesized 
that the substitution of some amount of the HEMA by the crosslinking agent 
PEGDMA would improve the photo-polymerization kinetics and result in the 
formation of a self-standing polymer. However, the impact of substituting PEGDMA 
for HEMA on the hexagonal phase prior to polymerization needs first to be 
examined; this is discussed in section 5.4. 
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5.4  Impact of linker mixture incorporation on liquid crystalline 
phase: pre-polymerization study 
5.4.1 2-hydroxyethyl methacrylate/ poly(ethylene glycol) 
dimethacrylate mixture incorporation 
5.4.1.1 DSC: phase transitions 
Figure 5.15 shows the first and second DSC heating scans of 
C16mimAcr/water/HEMA/PEGDMA as a function of PEGDMA concentration. As 
previously stated, 35/45/20 wt.% C16mimAcr/water/HEMA displays a weak 
endothermic event at 70.4 °C during the first heating scan, corresponding to the 
melting of the hexagonal phase into a micellar phase (i.e. fluid). As can be seen in 
Figure 5.15a, substitution of up to 5 wt.% HEMA with PEGDMA does not have a 
significant impact on the mesophase melting point of this system. For example, the 
sample with 5 wt.% PEGDMA also displays a weak endothermic event at 67.5 °C. 
As the PEGDMA concentration is increased to 10 wt.%, this endothermic transition 
is no longer detected. At this concentration, the sample is a very viscous liquid, 
likely suggesting the presence of a weakly-ordered liquid crystalline mesophase or a 
micellar solution. In the case of a weakly-ordered mesophase, the latent heat 
associated with the transition from a weakly-ordered mesophase to an isotropic state 
may be below the detection limit of the instrument; the latent heat of such a 
transition for the HEMA system is already small, of the order of 1.3 J/g, and addition 
of PEGDMA may decrease it further. 
Additionally, a small change in the shape of the main endothermic event around 0 °C 
is observed as PEGDMA concentration increases. This likely indicates that a change 
has occurred in the solvation state of the system.  
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Figure 5.15: DSC heating profiles of C16mimAcr/water/HEMA/PEGDMA systems with composition ratios: 
35/45/20/0 wt.% (black), 35/45/19/1 wt.% (red), 35/45/15/5 wt.% (blue), 35/45/10/10 wt.% (turquoise); (a) 
1st heating scan and (b) 2nd heating scan. 
5.4.1.2 SAXS: phase assignments  
Figure 5.16 shows the SAXS patterns of the C16mimAcr/water/HEMA/PEGDMA 
systems as a function of PEGDMA concentration. Substitution of up to 5 wt.% 
HEMA by PEGDMA does not have a significant impact on the formation of the 
hexagonal phase; the SAXs pattern of the sample containing 5 wt.% PEGDMA could 
be indexed as a hexagonal phase with up to 3 identified reflection peaks. As the 
PEGDMA concentration is increased up to 10 wt.%, only two diffraction peaks are 
observed, although the relationship: q1(100) : q2(110) =  1:√3, indicates that the 
hexagonal phase is preserved. However, an increase in the width of the first order of 
diffraction suggests that the hexagonal phase is now less ordered with a broader 
distribution of the diameters of the cylindrical micelles. 
a) b) 
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Figure 5.16: Integrated SAXS patterns of C16mimAcr/water/HEMA/PEGDMA systems with composition 
ratios: 35/45/20/0 wt.% (black), 35/45/19/1 wt.% (red), 35/45/15/5 wt.% (blue), 35/45/10/10 wt.% 
(turquoise) . 
Figure 5.17 shows the SAXS patterns of 35/45/10/10 wt.% 
C16mimAcr/water/HEMA/PEGDMA as a function of temperature. The width of the 
first order of diffraction of the hexagonal phase decreases as the temperature is 
increased from 20 °C to 60 °C. This suggests that the hexagonal phase is becoming 
more ordered as the temperature increases within this range.3 Above 80 °C, the 
appearance of only an inter-micelle interference peak centred at q = ∼ 0.16 Å-1 
suggests that the system is mostly melted into a micellar phase. Again the presence 
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of a relatively sharp maximum intensity could indicate that some residual hexagonal 
phase remains. When the sample is cooled down from 90 °C to 20 °C, a similar 
SAXS pattern to the one before heating is observed, indicating the presence of a 
weakly-ordered hexagonal phase. 
 
Figure 5.17: Integrated SAXS patterns of 35/45/10/10 wt.% C16mimAcr/water/HEMA/PEGDMA at 
different temperatures: 20 °C (black), 40 °C (red), 60 °C (blue), 80 °C (turquoise), 90 °C (magenta) and 
cooled back down to 20 °C (black dashed line). 
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5.5  Impact of linker mixture incorporation on liquid crystalline 
phase: exploring the polymerization capability 
5.5.1 Physical observations 
5.5.2 2-hydroxyethyl methacrylate/ poly(ethylene glycol) 
dimethacrylate mixture 
Table 5.2 summarizes the physical states of the C16mimAcr/water/HEMA/PEGDMA 
samples containing 0 and 10 wt.% PEGDMA after UV-exposure. Substitution of 
HEMA with PEGDMA improves the polymerization kinetics of the system, with the 
sample containing 10 wt.% PEGDMA yielding a self-standing film after 80 minutes 
of UV-exposure, although C16mimAcr/water/HEMA did not produce a self-standing 
film, even after 3 hours of UV-exposure. This supports the hypothesis that the 
substitution of some amount of HEMA by the crosslinking agent PEGDMA 
improves the photo-polymerization kinetics. If the preservation of the hexagonal 
phase is confirmed post-polymerization, as will be discussed later in Chapter Six, the 
Substitution of HEMA with PEGDMA could open a route to design advanced 
nanostructured polymers with anisotropic transport properties.4 The next section will 
show how the macroscopic alignment of a hexagonal phase can be controlled using 
functionalized surfaces to produce materials with strongly anisotropic transport 
properties. 
Table 5.4: Visual observations of C16mimAcr/water/HEMA/PEGDMA systems after UV-exposure. 
C16mimAcr/water/linker 
systems 
Composition 
(wt.%) 
80 minutes 
UV- exposure 
3 hours 
UV- exposure 
C16mimAcr/water/HEMA 35/45/20 Sticky gel Sticky gel 
C16mimAcr/water/HEMA/PEGDMA 34/45/10/10 Fragile self-standing film Self-standing film 
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5.6  Controlling the alignment of a hexagonal liquid crystalline 
phase using amine-functionalized glass surfaces 
The focus of this section is on the ability of amine-functionalized surfaces to control 
the macroscopic alignment of a hexagonal liquid crystalline phase. The macroscopic 
alignment of such aggregates offers great potential for the development of advanced 
materials with anisotropic transport properties for separation membranes and 
electrochemical devices.4, 13, 14 Additionally, the macroscopic alignment of such 
mesophases could also induce alignment of nanotube assemblies or particles 
incorporated into the mesophases, expanding the scope of potential applications. For 
this study, the 33.7/47.0/19.3 wt.% C16mimAcr/water/HEMA was selected because it 
exhibits a hexagonal mesophase at room temperature. The slight increase in water 
content (compared to the HEMA system mentioned in section 5.2.4), is intended to 
decrease the temperature of the order-disorder transition (TODT) of this system. 
Although the DSC data of the HEMA system (mentioned in section 5.2.4) show a 
weak endothermic event at 70.4 °C which probably corresponds to the melting of the 
hexagonal mesophase into an isotropic state, the SAXS data indicates that some 
residual hexagonal phase remains above this temperature. Figure 5.18 shows the 
POM image of the 35/45/20 wt.% C16mimAcr/water/HEMA sample at 85 °C. As can 
be seen, a small degree of birefringence is still observed at 85 °C, indicating that 
some of the hexagonal phase remains. This remaining hexagonal phase may be the 
result of poor heat convection, caused by the high viscosity of the system, and the 
sample holder setup used (i.e. sample sandwiched between two coverslips, separated 
by a 14 μm spacer). This residual hexagonal phase has a detrimental impact on the 
alignment of the rest if the sample, because the residues act as “seed crystals” and 
induce the growth of hexagonal liquid crystalline phase with random orientation 
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during the cooling process. Heating the system over 85 °C caused air bubbles to form 
throughout the sample, so higher temperatures were not a suitable way to ensure full 
melting of the system prior to alignment. This left increasing the water content 
slightly as the best option. 
 
Figure 5.18: Polarized optical microscopy image of 35/45/20 wt.% C16mimAcr/water/HEMA at 85 °C. 
Increasing the water content of the C16mimAcr/water/HEMA system to 47.0 wt.% 
does not have a significant impact of the formation of the hexagonal liquid 
crystalline phase, as suggested by the SAXS and POM data (Figure 5.19). As can be 
seen in Figure 5.19a, the SAXS pattern of this system could be indexed as a 
hexagonal phase with the following characteristic peak ratio: q1(100) : q2(110) =  
1:√3. Additionally, the POM image of this system shows strong birefringence with a 
typical fan-like texture, characteristic of a randomly-oriented hexagonal phase (See 
Figure 5.19b), as shown schematically in Figure 5.19c. 
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Figure 5.19: Integrated SAXS pattern (a) and polarized optical microscopy image (b) of 33.7/47.0/19.3 
wt.% C16mimAcr/water/HEMA. A schematic illustration of a randomly oriented hexagonal phase is also 
presented (c). 
An alignment experiment was performed during the passage of the order-disorder 
transition of the studied system, where the sample was cooled relatively slowly (1 °C 
per min) from its isotropic state (i.e. 85 °C), through its TODT, to room temperature. 
Slow cooling rates (i.e. ≤ 1 °C per min), especially at the order-disorder transition of 
anisotropic liquid crystalline materials, such as block copolymers and liquid crystal 
materials, have previously been reported to enhance the grain alignment of 
nanostructured materials under strong magnetic fields.4, 13, 16, 26 In contrast, fast 
cooling induces the formation of multiple small grains with uncontrolled orientation, 
which cannot easily be reoriented by any alignment method because of the high 
viscosity of these nanostructured materials.26 For this reason, a relatively slow 
cooling rate of 1 °C per min was chosen for the alignment experiments presented in 
this study. Slower cooling rates were not used in this study, because they would 
exacerbate water evaporation during heat treatment. 
a) b) 
c) 
q* 
√3 
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Figure 5.20 shows the POM images of the hexagonal phase at 20 °C, after cooling 
from its isotropic state (i.e. 85 °C, 1 °C per min), using either untreated or amine-
functionalized coverslips with a 14 μm spacer. As can be seen in Figure 5.20a, strong 
birefringence is observed when using untreated coverslips, indicating that the 
hexagonal phase is oriented randomly in all directions.14, 16 On the other hand, very 
little birefringence is observed when using amine-functionalized coverslips (See 
Figure 5.20b, left image), suggesting that the hexagonal phase is macroscopically 
aligned perpendicularly or parallel with respect to the coverslip plane. 14, 16 However, 
as seen in the right-hand image of Figure 5.20b, the liquid/air interface creates some 
orientation defects. 
 
Figure 5.20: Polarized optical microscopy images of the hexagonal phase at 20 °C, after cooling from its 
isotropic state (i.e. 85 °C, 1 °C per min, 14 μm spacer), when using untreated coverslips (a) or amine-
functionalized coverslips (b). A schematic illustration of the orientation of the hexagonal phase under these 
two conditions is also given. 
a) b) 
No alignment 
Random orientation 
Macroscopic alignment 
Perpendicular or parallel orientation with 
respect to surface plane 
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Additionally, SAXS measurements were performed at the Australian Synchrotron in 
order to distinguish between the two possible macroscopic alignment orientations 
suggested by the POM data. The use of a synchrotron source was required as the 
brilliance of a laboratory X-ray source was not high enough to allow the incident X-
ray beam as well as the X-ray scatterings generated by the sample to be transmitted 
through the sample holder setup (i.e. two quartz coverslips, total quartz thickness: 
340-420 μm). As mentioned in the literature section, two-dimensional SAXS patterns 
can provide useful information about the macroscopic orientation of anisotropic 
lyotropic mesophases, such as the lamellar phase and hexagonal phase. Schematic 
illustrations of 2D-SAXS patterns generated from a macroscopically oriented 
hexagonal phase, perpendicular or parallel to the incident X-ray beam, are presented 
in Figure 5.21. When a hexagonal phase is aligned parallel to the incident X-ray 
beam, the resulting diffraction ring exhibits 6-fold symmetry. However, when a 
hexagonal phase is aligned perpendicularly to the incident X-ray beam, the resulting 
diffraction ring only exhibits 2-fold symmetry, oriented perpendicularly to the 
cylinder axis, making these two scenarios easily distinguished. 
Figure 5.21d shows the two-dimensional SAXS pattern of the hexagonal phase at 
20 °C, after cooling from its isotropic state (i.e. 85 °C, 1 °C per min), using untreated 
coverslips with a 14 μm spacer. The first order of diffraction appears totally 
isotropic, indicating that the hexagonal phase is randomly oriented.4 Additionally, 
the resulting azimuthal scattering intensity (the black line in Figure 5.21e) confirms 
the uniform azimuthal intensity distribution.  
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Figure 5.21: Schematic illustrations of typical two-dimensional SAXS patterns of a hexagonal phase, 
oriented parallel (a) or perpendicularly (b) to the incident X-ray beam. Two-dimensional SAXS patterns of 
the hexagonal phase at 20 °C, after cooling from its isotropic state (i.e. 85 °C, 1 °C per min, 14 μm spacer), 
using amine-functionalized coverslips (c) or untreated coverslips (d). (e) The resulting azimuthal scattering 
intensity using amine-functionalized coverslips (red line) or untreated coverslips (black line). Dashed line is 
drawn to guide the eye. The grey rectangles represent the black lines on the 2D-detector. 
On the other hand, the two-dimensional SAXS pattern of the hexagonal phase at 
20 °C, after the alignment heat treatment using amine-functionalized coverslips with 
a 14 μm spacer, displays strong intensity anisotropy with clear 6-fold symmetry, 
indicating macroscopic perpendicular alignment of the hexagonal phase with respect 
to the coverslip plane (i.e. parallel to the incident X-ray beam).16 Additional intensity 
spots are also observed around 30°, 210° and 280° azimuthal angle, which might 
indicate the presence of a second 6-fold symmetry. The remaining three intensity 
spots of this second 6-fold symmetry are not observed because of the inherent 
a) b) 
c) 
d) 
e) 
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configuration of the 2D-detector (i.e. black lines observed in the 2D-SAXS pattern, 
which correspond to the contour of each individual small detector that constitutes the 
2D-detector). The two 6-fold symmetries arise from the contributions of two large 
grains which have slightly different orientations within the plane; the cylinder axes 
of both these grains are aligned perpendicularly with respect to the coverslip plane.16 
Additionally, the impact of sample thickness (14, 100 or 250 μm) on the hexagonal 
phase alignment using amine-functionalized surfaces was also investigated using 
synchrotron SAXS. For this study, all samples were cooled from 85 °C (i.e. isotropic 
state) to 20 °C at 1 °C per minute. Figure 5.22 shows the two-dimensional SAXS 
patterns and the resulting azimuthal scattering intensity of the hexagonal phase at 
20 °C after the alignment heat treatment using amine-functionalized coverslips for 
varying sample thickness. As the sample thickness increases, the 6-fold symmetry 
becomes less resolved, suggesting a reduction of the perpendicular alignment quality, 
as expected because the alignment is induced by the amine functionality at the 
surfaces of both coverslips. It is hypothesized that increasing sample thickness would 
also increase the gap where the nucleation of oriented hexagonal ordering is not 
controlled by the amine functionality. Therefore, random orientation could be 
produced in this gap, while perpendicularly-oriented hexagonal phase could still be 
observed closer to the coverslip surfaces. In spite of this, a relatively good alignment 
is still observed with a 100 μm spacer, with two clear 6-fold symmetric patterns (See 
Figure 5.22, red line), indicating again the contribution of two large grains with 
slightly different orientations within the plane.16 When a 250 μm spacer is used, the 
two-dimensional SAXS pattern exhibits a mostly uniform azimuthal distribution, 
although some anisotropy is still observed, probably because of oriented hexagonal 
phase close to the amine-functionalized surfaces (See Figure 5.22). This supports the 
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hypothesis mentioned above that increasing the sample thickness would also increase 
the gap where the nucleation of oriented hexagonal ordering is no longer controlled 
by the amine functionality. Reorientation of these unoriented hexagonal grains, once 
they reach a certain size, cannot be done readily during the cooling process, because 
of the high viscosity of these nanostructured materials at lower temperatures.26  
 
Figure 5.22: Two-dimensional SAXS patterns and the resulting azimuthal scattering intensity of the 
hexagonal phase at 20 °C, after cooling from its isotropic state (i.e. 85 °C, 1 °C per min), using amine-
functionalized coverslips and different sample thicknesses: 14 (blue line), 100 (red line) and 250 μm (black 
line). Dashed lines are drawn to guide the eye. The grey rectangles represent the black lines on the 2D-
detector. 
Finally, the impact of cooling treatment on the hexagonal phase alignment using 
amine-functionalized surfaces, in particular the effect of adding an isothermal 
treatment near the order-disorder transition, was also investigated using SAXS. 
Figure 5.23 shows the two-dimensional SAXS patterns and the resulting azimuthal 
scattering intensity of the hexagonal phase at 20 °C after cooling from its isotropic 
state at a cooling rate of 1 °C per min with and without an additional isothermal 
250 μm 
100 μm 
14 μm 
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“hold” at 60 °C for 30 minutes. Amine-functionalized coverslips and a 14 μm spacer
were used. The two-dimensional SAXS patterns from both thermal treatments 
exhibit 6-fold symmetry, again suggesting perpendicular alignment of the hexagonal 
array of cylinders with respect to the coverslip plane. However, when the additional 
isothermal “hold” is used, the scattering intensity of the 6-fold symmetric pattern is 
almost doubled, suggesting that this isothermal step has induced more pronounced 
alignment in this system. Additionally, the second order diffraction also exhibits 6-
fold symmetry when an isothermal treatment is used, again indicating better 
alignment of the hexagonal phase. It is hypothesized that the addition of an 
isothermal step around the order-disorder transition allows any remaining unoriented 
hexagonal phase to re-align, while the viscosity of the system is not yet detrimental 
to the alignment process. 
 
Figure 5.23: Two-dimensional SAXS patterns and the resulting azimuthal scattering intensity of the 
hexagonal phase at 20 °C, after cooling from its isotropic state (i.e. 85 °C, 1 °C per min, black line) and 
with an additional isotherm at 60 °C for 30 minutes (red line), using amine-functionalized coverslips with a 
14 μm spacer. Dashed lines are drawn to guide the eye. The grey rectangles represent the black lines on the 
2D-detector.  
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5.7  Conclusion 
Incorporation of up to 20 wt.% PEGDA into the discontinuous cubic phase (i.e. 
Pmn space group) formed by the initial C16mimAcr/water system containing 
65 wt.% water did not have a significant impact on the cubic mesophase, although it 
did reduce the unit cell size. The lattice parameter, a, values were 117.4 Å and 97.5 
Å for samples containing 0 and 20 wt.% PEGDA respectively. This decrease in unit 
cell size is probably because of a decrease in the thickness of the water layer around 
each micelle. This also indicates that the PEGDA molecules are likely solubilized at 
the headgroup interface, as expected from the hydrophilic nature of the PEGDA 
linker.20, 21 As the PEGDA concentration is increased to 30 wt.%, SAXS data implies 
that the discontinuous cubic phase is disrupted and a micellar phase (i.e. fluid state) 
is observed instead. Temperature-revolved SAXS analysis indicates that the 
discontinuous cubic phase formed by the C16mimAcr/water/PEGDA system 
containing 20 wt.% PEGDA (i.e. highest PEGDA content for this phase) is stable, at 
least up to 40 °C, while a micellar phase is observed for this sample at 60 °C. These 
results are consistent with the observation of a weak endothermic event at 49.5 °C, 
likely representing the melting of the discontinuous cubic phase into a micellar 
phase. 
 
In the case of PEGDMA incorporation, similar results are observed, with retention of 
the discontinuous cubic phase for the C16mimAcr/water/PEGDMA system 
containing 20 wt.% PEGDMA. Again, a reduction of unit cell size occurs with the 
lattice parameter, a = 100.4 Å for the 20 wt.% PEGDMA sample. This value is 
slightly larger than that obtained for the PEGDA system at the same linker 
concentration. This is quite surprising as the molecular weight of the PEGDMA is 
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significantly smaller than this acrylate analogue. As the increase of the unit cell 
could not be not explained by the size difference of the two PEG-based linkers, this 
could indicate a difference in the solvation state of the two linkers at the headgroup 
interface, likely induced by the presence of the extra methyl group of the 
methacrylate-based PEG linker.20, 21 Temperature-resolved SAXS analysis of the 
C16mimAcr/water/PEGDMA system containing 20 wt.% PEGDMA, does not reveal 
melting of the discontinuous cubic phase as temperature is increased. Instead, a 
phase rearrangement is observed from a discontinuous cubic phase to a hexagonal 
phase as the temperature is increased from 20 °C to 40 °C. This new hexagonal 
phase is stable up to 90 °C and is still observed in the SAXS data when the sample is 
cooled back down to 20 °C. This phase rearrangement, which is also observed by 
POM, is likely to due water evaporation. The more pronounced tendency of water to 
evaporate from the PEGDMA system compared to from the PEGDA system is likely 
caused by a difference in the solvation state of the amphiphile headgroup interface 
induced by the linker chemistry. 
 
Another type of linker, hydroxyl-ethyl aliphatic compounds terminated with either 
acrylate or methacrylate functional groups, was investigated. For 2-hydroxyethyl 
acrylate (HEA) incorporation, retention of the discontinuous cubic phase was 
observed; the lattice parameter, a = 95 Å, a more pronounced reduction in unit cell 
size than that seen in the PEGDA system. This could indicate better solvation of the 
HEA linker at the headgroup interface because of the hydroxyl functional group.20, 21 
Temperature-resolved SAXS analysis showed that the discontinuous cubic phase 
formed by this system has melted at 40 °C into a micellar phase. This result is 
consistent with the observation of a weak endothermic event at 35.4 °C by DSC. 
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In contrast to all other linkers investigated in this chapter, incorporation of 2-
hydroxyethyl methacrylate (HEMA) into the discontinuous cubic phase (i.e. Pmn) 
formed by the initial C16mimAcr/water system containing 65 wt.% water induces a 
phase rearrangement towards the formation of a well-ordered hexagonal phase. This 
phase rearrangement is likely due to the difference in the solvation state of the 
amphiphile headgroup interface induced by the linker chemistry (i.e. methacrylate 
functional group) causing a reduction of spontaneous curvature.20, 21 Temperature-
resolved SAXS analysis shows that the hexagonal phase melts into a micellar 
solution between 60 °C and 80 °C, which is consistent with observation of a weak 
endothermic event at 70.4 °C in the DSC. 
 
The exploration of the polymerizability of the different C16mimAcr/water/PEGDA 
systems showed that the polymerization kinetics are enhanced as PEGDA 
concentration is increased, resulting in the production of a self-standing polymer film 
after 30 minutes of UV-exposure for the sample containing 20 wt.% PEGDA. In 
contrast to this result, the system containing 20 wt.% PEGDMA required 80 minutes 
of UV-exposure to produce a self-standing film. The photo-polymerization of the 
C16mimAcr/water/HEA system containing 20 wt.% HEA also required 80 minutes of 
UV-exposure, although the resulting self-standing polymer appears more elastic than 
the PEGDA and PEGDMA polymers. This variation in the mechanical properties of 
the resulting polymer could be attributed to the difference in linker chemistry. 
Indeed, the crosslinking feature of the PEG-based linker (i.e. two polymerizable 
moieties) compared to the hydroxyethyl aliphatic-based linker, might improve the 
crosslinking state of the resulting polymer, and thus enhance the mechanical 
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properties. Unfortunately, photo-polymerization of the C16mimAcr/water/HEMA 
system containing 20 wt.% HEMA did not give a self-standing polymer, even after 3 
hours of UV-exposure. The substitution of PEGDMA for some of the HEMA was 
proposed to improve the polymerization kinetics. Indeed, the photo-polymerization 
of 35/45/10/10 wt.% C16mimAcr/water/HEMA/PEGDMA did yield a self-standing 
polymer. SAXS analysis showed that this system exhibits a weakly-ordered 
hexagonal phase at 20 °C. Temperature-resolved SAXS analysis shows that the 
hexagonal phase present in this system becomes more ordered as temperature is 
increased from 20 °C to 60 °C.3 However, the SAXS data at 80 °C indicated that the 
well-ordered hexagonal phase had melted into a micellar phase.  
Despite the successful photo-polymerization of some C16mimAcr/water/linker 
systems, the impact of photo-polymerization on the retention of their mesophases 
present pre-polymerization still need to confirm and the results will be presented in 
chapter Six. 
 
Section 5.6 focused on the alignment of a hexagonal phase using amine-
functionalized surfaces under appropriate heat treatment. Amine-surface 
modification could induce perpendicular alignment of the hexagonal array of 
cylinders with respect to the amine-functionalized surface plane, under appropriate 
slow cooling treatment during the passage through the order-disorder transition, as 
suggested by the 6-fold symmetry of the first order diffraction.  
Additionally, the sample thickness, as defined by the distance between the two 
amine-functionalized coverslips, was shown to drastically affect the degree of 
alignment. The best alignment was produced with a 14 μm spacer, as expected since 
the alignment is induced by the amine functionality at the surfaces of both coverslips. 
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Although relatively good alignment could still be produced when a 100 μm spacer 
was used, the hexagonal phase appear to be mostly randomly oriented when a 
250 μm spacer was used. It was hypothesized that increasing sample thickness would 
also increase the gap where the nucleation of unoriented hexagonal phase could 
occur. 
Finally, the impact of adding an isothermal step close to the order-disorder transition 
was also investigated. The isothermal treatment produced better alignment, as 
suggested by the scattering intensity of the 6-fold symmetric pattern (i.e. first order 
diffraction), which was almost doubled when the isothermal step was added. A 6-
fold symmetry in the second order diffraction is also observed under this condition, 
again suggesting greater alignment. 
The modification of surface functionality to control the alignment of such anisotropic 
nanostructured materials represents a facile and constraint-free method for the design 
of advanced nanostructured materials for separation membranes and electrochemical 
device applications.4, 13, 14, 16 Additionally, the practicality of this method offers great 
advantages compared to other reported alignment methods, such as magnetic field 
alignment, where strong magnetic fields are generally required.4, 13, 27 
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6.1  Introduction 
Chapter Five reported the design of a polymerizable lyotropic liquid system through 
the incorporation of co-linker, resulting in the production of a self-standing polymer. 
Additionally, the linker chemistry significantly affected the type of liquid crystalline 
phase formed and the polymerization kinetics. Here, some of the LLC phases 
examined in chapter five will be characterized post-polymerization using SAXS. The 
two LLC systems chosen are C16mimAcr/water/PEGDA (composition 35/45/20 
wt.%) and C16mimAcr/water/HEMA/PEGDMA system (composition 35/45/10/10 
wt.%). The PEGDA system was selected because of the short UV-exposure time 
required to produce a self-standing film. The HEMA/PEGDMA system was chosen 
because it forms a hexagonal phase, offering great potential for the design of 
advanced nanostructured polymers with anisotropic transport properties.1-4 
Additionally, in situ SAXS measurements were performed on the PEGDA system 
highlighting that structural changes occurred during photo-polymerization and these 
results will be presented in the first part of this chapter. Phase rearrangements during 
UV-exposure of lyotropic systems with a polymerizable moiety on the amphiphilic 
molecule have previously been reported;4-6 the reasons for phase rearrangement are 
highly dependent on the location of the polymerizable moiety on the amphiphilic 
molecule.4-6 For example, it has been hypothesized that when the polymerizable 
moiety is located near the hydrocarbon-water interface of the micelle (e.g. vinyl 
group incorporated on hydrophilic portion of the amphiphilic molecule), the 
crosslinking of the polymerizable moiety causes a reduction of the headgroup area, 
a0, destabilizing the spontaneous curvature required for the formation of a cylindrical 
micelle.4, 7 In the present case, it could be rationalize that this phenomenon might 
occur to some extent due to the proximity of the acrylate anion to the hydrocarbon-
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water interface. Osuji et al. were the first to report an improvement in the structure 
retention of a LLC system during photo-polymerization upon incorporation of non-
UV-reactive molecules such as cyclohexane, which was believed to stabilize the 
spontaneous curvature required for the retention of inverted hexagonal phase.4 Thus, 
in this chapter, the incorporation of non-UV-reactive molecules including 
cyclohexane, octane and dodecane, has been explored at concentrations between 6.3 
and 30 wt.%. It was hypothesized that the incorporation of non-UV-reactive 
hydrophobic molecules will stabilize the formation of micelles (spherical and/or 
cylindrical) during UV-exposure by increasing the hydrocarbon interaction and the 
nano-segregation of hydrophilic/hydrophobic domains. Therefore, The impact of 
non-UV-reactive molecule incorporation on LLC phases formed by the PEGDA and 
HEMA/PEGDMA systems pre- and post-polymerization have been studied using 
small-angle X-ray scattering and polarized optical microscopy. The results of this 
study will be presented in the second part of this chapter. 
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6.2  Phase assignment:  C16mimAcr/water/linker systems post-
polymerization 
In this section, a thorough SAXS analysis was performed to characterize and 
understand the phase behaviour of the PEGDA and HEMA/PEGDMA systems post 
photo-polymerization.  
6.2.1 C16mimAcr/water/PEGDA system 
Figure 6.1 shows the SAXS patterns of the C16mimAcr/water/PEGDA system with 
20 wt.% PEGDA, pre- and post-polymerization. The SAXS pattern post-
polymerization has changed significantly compared to that prior to UV-exposure, 
suggesting that structural rearrangements are occurring during the photo-
polymerization. The post-polymerized SAXS pattern could be indexed as two 
different lamellar phases where Lα1, q1 (100) = 0.165 Å-1, corresponding to a repeat 
distance d = 2π/q = 38.1 Å and Lα2, q1 (100) = 0.190 Å-1, corresponding to a repeat 
distance d = 2π/q = 33.1 Å. The repeat distances of the two lamellar structures 
suggest the formation of an interdigitated bilayer configuration. Additionally, the 
second order of diffraction peaks of the second lamellar phase is observed at 0.386 
Å-1.  
 Chapter Six: Towards polymeric membranes: Structure retention study 153 
 
Figure 6.1: SAXS patterns of 35/45/20 wt.% C16mimAcr/water/PEGDA; (black) pre- and (red) post- 
polymerization. The broad peak observed at 0.4 Å-1 for the pre-polymerization system is from the kapton 
window of the capillary sample holder of the instrument. 
Figure 6.2 illustrates the two lamellar architectures with two slightly different repeat 
distances, present in the 35/45/20 wt.% C16mimAcr/water/PEGDA system post-
polymerization.A water layer separates each bilayer unit. The repeat distances 
extrapolated by SAXS measurement correspond to one bilayer unit plus the water 
layer.8 In the case of the PEGDA system, these repeat distances were 33.1 Å and 
38.1 Å for the two lamellar phases generated post polymerization. 
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Figure 6.2: Illustration of the two lamellar phases, with slightly different repeat distances, formed by the 
C16mimAcr/water/PEGDA system containing 20 wt.% PEGDA post polymerization. The blue and yellow 
rectangles correspond to the hydrophilic and hydrophobic domains of the bilayer units, respectively. 
This phase rearrangement towards the formation of lamellar architecture is probably 
caused by a shrinking of headgroup area (a0), as a result of crosslinking of the 
acrylate moiety. This would be energetically unfavourable with respect to the 
formation of micelles.4, 7 The formation of a lamellar structure post-polymerization is 
not surprising as this architecture is favoured, compared to a spherical micellar 
structure, due to its almost negligible curvature which is preferred for a small 
headgroup area. 
6.2.2 C16mimAcr/water/HEMA/PEGDMA system 
Figure 6.3 shows the SAXS patterns of 35/45/10/10 wt.% 
C16mimAcr/water/HEMA/PEGDMA pre- and post-polymerization. Post-
polymerization, the C16mimAcr/water/HEMA/PEGDMA SAXS pattern changes 
significantly, becoming similar to that of the C16mimAcr/water/PEGDA system post-
polymerization. This suggests that both systems exhibit similar nanostructure post-
polymerization, regardless of the LLC phase present pre-polymerization. The 
resultant nanostructure of both systems post-polymerization consists of two lamellar 
structures with slightly different repeat distances (See Figure 6.2). 
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Figure 6.3: SAXS patterns of 35/45/10/10 wt.% C16mimAcr/water/HEMA/PEGDMA; (black) pre- and 
(red) post-polymerization. The broad peak observed at 0.4 Å-1 for the pre-polymerization system is from 
the kapton window of the capillary sample holder of the instrument. 
6.2.3 In situ SAXS polymerization: C16mimAcr/water/PEGDA 
system 
In situ SAXS polymerization measurements have been performed on the 
SAXS/WAXS beamline at the Australian synchrotron to better understand the 
structure rearrangement occurring during photo-polymerization of both LLC systems 
mentioned above. The C16mimAcr/water/PEGDA system was selected for in situ 
SAXS measurements because it photo-polymerized within 30 mins. Figure 6.4 shows 
the SAXS pattern of the C16mimAcr/water/PEGDA system during UV-exposure at 
20 °C as well as for the post-polymerized sample (i.e. after a few weeks of sitting on 
a laboratory bench). As described in section 5.2, the SAXS pattern of the PEGDA 
system pre-polymerization suggests the formation of a discontinuous cubic phase. 
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An additional reflection peak is observed at q = 0.0893 Å-1, corresponding to 
reflection of the (110) lattice plane. The appearance of this additional reflection 
compared to the SAXS pattern of the same system acquired on a SAXS bench-top 
instrument is likely due to the high brilliance generated by a synchrotron source 
compared to a laboratory X-ray source. As can be seen in Figure 6.4 (Brown line), a 
significant change in the SAXS pattern of the PEGDA system is observed after only 
54 seconds of UV-exposure with the appearance of an intense reflection centred at q 
= 0.141 Å-1.  This reflection has a clear lower q shoulder, which is centred at 
approximately 0.130 Å-1. Three low intensity reflections are also observed at 0.220 
Å-1, 0.245 Å-1 and 0.375 Å-1. Surprisingly, the two lowest q reflections could be 
indexed along with the main reflection (i.e. 0.141 Å-1) using the following 
relationship characteristic of a hexagonal phase: q1(100) : q2(110) : q3(210) =  
1:√3:√7.  On the other hand, the broad shoulder observed at 0.130 Å-1 shows a q1/q2 
relationship equal to √3 with the reflection centred at 0.220 Å-1. This relationship 
could be attributed to a hexagonal phase with a slightly larger lattice parameter a, 
compared to that of the hexagonal phase indexed previously. The reason for the 
formation of these two hexagonal phases with different lattice parameters still 
remains unclear, as it is unlikely that the system has lost enough water during the 
elapsed exposure time to explain the structure change. After 40 minutes of UV-
exposure (blue line in Figure 6.4), a similar indexation could be made with the minor 
alteration that the extinction of the reflection centred at 0.375 Å-1 is observed while 
an additional reflection appears at 0.288 Å-1. This additional reflection could be 
indexed with the main reflection peak centred at 0.144 Å-1, giving the following 
relationship: q1(100) : q2(110) : q3(200) =  1:√3:√4, characteristic of a hexagonal 
phase. In contrast, no additional reflection could be associated with the lower q 
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shoulder observed at 0.135 Å-1. The SAXS pattern of the PEGDA system acquired at 
the synchrotron one week after polymerization (i.e. not in situ) is shown in Figure 
6.4 (green line). The background of this SAXS pattern is quite different from that 
obtained for the in situ measurement, as the acquisition setup was different. The 
broad reflection peak around 0.37 Å-1 is due to the kapton tape used to hold the 
sample. A slight shift to higher q of the two main reflections is observed compared to 
the in situ condition, likely due to water loss. TGA measurement of the PEGDA 
system gave a water content of approximately 20 wt.% immediately after 30 mins 
UV-polymerization. After a week storage under normal atmosphere, the sample 
reached an equilibrium water content of 10 wt.%. In the SAXS pattern of the post-
polymerized sample, five reflection peaks are observed at 0.154 Å-1, 0.164 Å-1, 0.330 
Å-1, 0.493 Å-1 and 0.657 Å-1. Surprisingly, the last four reflections could be indexed 
as: q1(100) : q2(200) : q3(300) : q4(400) = 1, 2, 3 and 4, indicating the presence of a 
lamellar phase. Although the lower q shoulder observed in the in situ condition 
appears more resolved for the post-polymerized sample, no additional reflections, 
which could have been indexed in relation with it, were observed. However, because 
during the in situ measurements, the two most intense reflection peaks were indexed 
to two similar phases with slightly different lattice parameters, it could be 
rationalized that the reflection centred at 0.154 Å-1 corresponds to the first order 
diffraction of another lamellar phase. The indexation of two lamellar phases is 
consistent with the SAXS data acquired on a bench-top SAXS instrument as the 
samples measured were always 1 or more weeks old. The structure changes observed 
between the end of UV-exposure and post-drying suggest that structural 
rearrangement also occurs during the drying period of the polymer (at least one 
week). 
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Figure 6.4: Time-resolved SAXS pattern of a C16mimAcr/water/PEGDA sample containing 20 wt.% of 
PEGDA during UV-exposure at 20 °C as well as post-polymerization. 
Another in situ experiment was performed at 60 °C to investigate the impact of 
polymerization temperature on the structure rearrangement. Figure 6.5 shows the 
SAXS patterns of the C16mimAcr/water/PEGDA system during UV-exposure at 
60 °C. As stated in section 5.2, the PEGDA system exhibits only one broad reflection 
peak centred 0.152 Å-1 at 60 °C, indicating the formation of a micellar phase (i.e. 
fluid sample). After only 36 seconds of UV-exposure, the SAXS pattern changes 
significantly with the appearance of two sharp reflection peaks centred at 0.146 and 
0.254 Å-1, giving the following relationship characteristic of a hexagonal phase: 
q1(100) : q2(110) =  1:√3. The structure rearrangement towards the formation of a 
hexagonal phase was also suggested by the in situ experiment of the PEGDA system 
at 20 °C. As the UV-exposure time increases, a clear lower q shoulder from the most 
intense reflection becomes more pronounced, resulting in a reflection peak centred at 
 Chapter Six: Towards polymeric membranes: Structure retention study 159 
0.129 Å-1 after 33 minutes of UV-exposure. Four reflection peaks are observed at 
this time. The indexation of the SAXS pattern suggests that the two most intense 
reflections centred at 0.129 Å-1 and 0.149 Å-1 represent the first order diffractions of 
two lamellar phases, with second order diffractions centred at 0.256 Å-1 and 0.295 
Å-1 respectively. The formation of two lamellar phases was not observed during the 
in situ experiment on the PEGDA system at 20 °C, instead the SAXS data suggested 
the presence of two hexagonal phases. However, after a drying period of one week, 
the SAXS pattern of the PEGDA system polymerized at 20 °C also suggested the 
formation of two lamellar phases. No significant changes are observed in the SAXS 
patterns after 33 minutes of UV-exposure, apart from partial disappearance of the 
first reflection, suggesting that this lamellar phase is likely to be less ordered. 
 
The sequence of structural changes (going from spherical micelle to cylindrical 
micelle and to finally a lamellar architecture) observed during photo-polymerization 
of the PEGDA system, follows a typical order that is related to an increase of the 
critical packing parameter.7 This parameter is a function of the hydrocarbon volume 
divided by the headgroup area and the critical chain length. This increase is likely 
due to a reduction of headgroup area induced by the crosslinking of the acrylate 
moiety.4, 7 As previously stated, the stabilization of the headgroup area during photo-
polymerization is believed to be achieved by the incorporation of non-UV-reactive 
hydrophobic molecules into the LLC system. Additionally, the incorporation of 
hydrophobic molecules will help to restrict the mobility of the cationic surfactant 
during the photo-polymerization by increasing the hydrocarbon interaction. The 
results of this study are presented and discussed below. 
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Figure 6.5: Time-resolved SAXS pattern of a C16mimAcr/water/PEGDA sample containing 20 wt.% 
PEGDA during UV-exposure at 60 °C 
6.3  Effect of non-UV-reactive molecules on the liquid crystalline 
phase: pre-polymerization 
Before investigating if the use of non-UV-reactive molecules could help retain the 
liquid crystalline phase through photo-polymerization, the impact of these non-UV-
reactive molecules on the liquid crystalline structure pre-polymerization was 
examined. Two lyotropic liquid crystal systems, which exhibit different liquid 
crystalline phases (a discontinuous cubic phase and a hexagonal phase), were 
selected. In addition to their mesophase difference, these systems were chosen 
because they yielded self-standing polymer films within reasonable UV-exposure 
times.  
The systems chosen were: 
• 35/45/20 wt.% C16mimAcr/water/PEGDA (discontinuous cubic phase) 
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• 35/45/10/10 wt.% C16mimAcr/water/HEMA/PEGDMA (hexagonal phase) 
Three non-UV-reactive molecules: cyclohexane, octane and dodecane, were chosen 
to investigate the impacts of molecule size and conformation. 
6.3.1 Discontinuous cubic phase system 
6.3.1.1 Cyclohexane 
Figure 6.6 shows the POM images of the C16mimAcr/water/PEGDA/cyclohexane 
systems as a function of cyclohexane concentration. As previously stated, the POM 
image of the PEGDA system without cyclohexane shows no birefringence, because 
of the isotropic nature of the discontinuous cubic phase (Figure 6.6a). For all 
cyclohexane concentrations examined, the POM images only show small amounts of 
birefringence, suggesting that the three-dimensional periodic micelle arrangement 
present in C16mimAcr/water/PEGDA system is mainly preserved. However, this 
small extent of birefringence is observed from the first cyclohexane addition (i.e. 6.3 
wt.%), indicating that either a small phase separation of the cyclohexane component 
is occurring or that a phase rearrangement is beginning. Interestingly, as cyclohexane 
concentration increases up to 20 wt.%, the amount of birefringence remains constant, 
suggesting that the amount of cyclohexane that the system can take up has increased. 
This likely indicates that a phase rearrangement towards another cubic mesophase 
has occurred, since the POM image of the PEGDA system containing 20 wt.% 
cyclohexane displays mostly an isotropic texture, characteristic of cubic mesophase, 
as discussed further below. 
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Figure 6.6: Polarized optical microscopy images of the C16mimAcr/water/PEGDA/cyclohexane system as a 
function of cyclohexane concentration at 20 °C. 
Figure 6.7 shows the SAXS patterns of C16mimAcr/water/PEGDA/cyclohexane 
systems as a function of cyclohexane concentration. The PEGDA system containing 
6.3 wt.% cyclohexane displays a similar SAXS pattern to that of the system without 
cyclohexane, which could also be indexed as a discontinuous cubic phase with Pmn 
symmetry. This indicates that the first addition of cyclohexane (i.e. 6.3 wt.%) does 
not have a significant impact on the formation of the discontinuous cubic phase by 
the C16mimAcr/water/PEGDA system alone. However, a slight shift of the SAXS 
pattern to lower q values is observed, indicating that the unit cell is expanding. This 
phenomenon is predictable as cyclohexane molecules are expected to be solubilized 
into the hydrophobic micelle core, swelling each individual micelle, and thus causing 
an increase of the unit cell.9, 10 The lattice parameters, a, of the discontinuous cubic 
phases (Pmn) containing 0 wt.% and 6.3 wt.% cyclohexane are 97.5 Å and 103.1 Å, 
respectively. Table 6.1 summarizes the space groups and the calculated lattice 
parameters for the C16mimAcr/water/PEGDA/cyclohexane system. 
 
a) b) 
6.3 wt.% cyclohexane 0 wt.% cyclohexane 
c) d) 
10 wt.% cyclohexane 20 wt.% cyclohexane 
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Table 6.1: Space groups and calculated lattice parameters, a, for the 
C16mimAcr/water/PEGDA/cyclohexane system as a function of cyclohexane concentration. 
C16mimAcr/water/PEGDA/cyclohexane systems 
Cyclohexane concentration 
 (wt.%) 0 6.3 10 20 
Space group Pmn Pmn Pmn/ ? Fdm 
Lattice parameter a  
(Å) 97.5 ± 0.2 103.1 ± 0.3 122.0 ± 0.4/ ? 201.5 ± 2.8 
 
Figure 6.7: Integrated SAXS patterns of 35/45/20 wt.% C16mimAcr/water/PEGDA (black), and as a 
function of cyclohexane concentration: 6.3 (red), 10 (blue) and 20 (turquoise) wt.%. 
As more cyclohexane is added to the system (i.e. 10 wt.%), the resulting SAXS 
pattern mostly displays a characteristic SAXS pattern of a discontinuous cubic phase 
with a Pmn symmetry. However, additional reflection peaks centred at 0.051 Å-1 
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and 0.085 Å-1 are observed, which could not be indexed to the main discontinuous 
cubic phase. This likely indicates that a phase rearrangement has started to occur. At 
20 wt. % cyclohexane, these reflections are more pronounced and a drastic change of 
SAXS pattern, to a pattern characteristic of another discontinuous cubic phase with 
Fdm symmetry, is observed. The formation of an Fdm cubic phase by lyotropic 
systems has already been reported for both type I and II.11-13 However, type I of the 
Fdm cubic phase has only been observed once for a unique multicomponent 
system, composed of sodium dodecyl sulphate/butanol/toluene/NaCl/water, with a 
surprisingly large lattice parameter of 386 Å.12, 13 On the other hand, the Fdm cubic 
phase of type II is the most common inverse discontinuous cubic phase, generally 
observed in lipid and copolymer-based lyotropic systems.14 In the case of 
monoglyceride or cationic surfactant-based lyotropic systems, the incorporation of 
oil-based molecules, such as oleic acid, elaidic acid, decane or tetradecane, is 
required for the formation of the inverse Fdm cubic phase.14-18 Therefore, it could 
be rationalized that the incorporation of cyclohexane to C16mimAcr/water/PEGDA 
system likely induces the formation of an inverse Fdm cubic phase at higher 
cyclohexane concentration (20 wt.%). This phase rearrangement towards an Fdm 
cubic phase of type II could explain the increase of cyclohexane uptake by the 
C16mimAcr/water/PEGDA/cyclohexane system, suggested above by the POM data. 
Figure 6.8 shows a schematic illustration of the unit cell of an inverse Fdm cubic 
phase of type II. This discontinuous cubic phase consists of two types of quasi-
spherical micelles with different radii, arranged in a complex three-dimensional 
lattice.14, 19, 20 This three-dimensional arrangement consists of eight micelles centred 
at position (a), of symmetry 3m and 16 other micelles centred at position (d), of 
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symmetry m (See Figure 6.8, yellow/blue and green/blue micelles, respectively).19, 
21 
 
Figure 6.8: schematic illustration of the unit cell of an Fdm cubic phase of type II, with an origin at 3m. 
For clarity, the hydrophobic domains of micelles (a) and (d) are represented in yellow and green, 
respectively, with different arbitrary radii, while the hydrophilic domains of both micelles (a and d) are 
represented in blue. A cross-section of the green micelle is shown for information, as none of the micelles 
(d) are shared between two unit cells in this representation. 
6.3.1.2 Octane 
Figure 6.9 shows POM images of C16mimAcr/water/PEGDA/octane systems as a 
function of octane concentration. No birefringence is observed with octane 
concentration up to 20 wt.%, suggesting that the discontinuous cubic phase is not 
impacted. However, the physical state of the system is changing with increasing 
octane concentration, going from a transparent gel-like material to a white waxy 
material for 0 wt.% and 20 wt.% octane, respectively. The texture observed in the 
POM image of the sample with 20 wt.% octane (Figure 6.9d) is due to irregularities 
in the surface of the waxy material.  
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Figure 6.9: Polarized optical microscopy images of C16mimAcr/water/PEGDA/octane as a function of 
octane concentration at 20 °C. 
Figure 6.10 shows the SAXS patterns of C16mimAcr/water/PEGDA/octane systems 
as a function of octane concentration. According to the SAXS patterns of the 
PEGDA system containing 6.3 wt.% octane, the discontinuous cubic phase is 
maintained with a space group indexed as Pmn symmetry. Similar to the 
cyclohexane incorporation into the PEGDA system, an increase in the unit cell size is 
observed for octane, with the lattice parameter, a, equal to 97.5 Å and 115.7 Å for 
the samples containing 0 wt.% and 6.3 wt.% octane, respectively. Interestingly, the 
increase of the lattice parameter is more pronounced in the case of octane 
incorporation compared to cyclohexane, at the same concentration (6.3 wt.%). This 
is probably because of the molecular volume difference between the two molecules; 
with molecular volumes of 99.1 Å3 and 162.3 Å3 for cyclohexane and octane, 
respectively.22, 23 Table 6.2 summarizes the space groups and the calculated lattice 
parameters for the C16mimAcr/water/PEGDA/octane system. 
Table 6.2: Space group and calculated lattice parameter, a, for the C16mimAcr/water/PEGDA/octane 
system as a function of octane concentration. 
C16mimAcr/water/PEGDA/octane systems 
Octane concentration 
 (wt.%) 0 6.3 10 20 
Space group Pmn Pmn Fdm Fdm 
Lattice parameter a  
(Å) 97.5 ± 0.2 115.7 ± 0.3 188.2 ± 0.4 194.5 ± 1.0 
 
6.3 wt.% octane 
a) b) c) d) 
10 wt.% octane 20 wt.% octane 0 wt.% octane 
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As more octane is added to the system (i.e. 10 wt.% and 20 wt.%), the SAXS pattern 
changes significantly, and now displays a characteristic pattern of an inverse 
discontinuous cubic phase with Fdm symmetry (i.e. type II). The PEGDA system 
containing 10 wt.% octane could be indexed to an inverse Fdm phase with up to 8 
identified reflection peaks. Interestingly, a phase rearrangement from Pmn to Fdm 
symmetry is observed when 10 wt.% or more of either cyclohexane or octane is 
incorporated into the PEGDA system. This indicates that Pmn symmetry is not 
favoured when an increase a hydrophobic volume occurs, induced by the 
incorporation of the non-UV-reactive molecules. This is consistent with the 
literature, where the incorporation of oil-based molecules is required to stabilize the 
formation of an inverse Fdm cubic phase for monoglyceride or cationic surfactant-
based lyotropic systems.14-18 Additionally, this phase rearrangement occurs at a 
slightly lower concentration in the octane case, compared to the cyclohexane case. 
This is again probably because of the difference in the molecular volumes of the two 
molecules.22, 23 
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Figure 6.10: Integrated SAXS patterns of 35/45/20 wt.% C16mimAcr/water/PEGDA (black), and with 6.3 
(red), 10 (blue) and 20 (turquoise) wt.% octane. 
6.3.2 Hexagonal phase system 
6.3.2.1 Cyclohexane 
Figure 6.11 shows the POM images of 
C16mimAcr/water/HEMA/PEGDMA/cyclohexane as a function of cyclohexane 
concentration. As previously shown from the SAXS data, the HEMA/PEGDMA 
system with no cyclohexane forms a hexagonal phase. As expected, the POM image 
of this system displays strong birefringence with a typical fan-like texture, 
characteristic of a hexagonal phase.24-26 This distinctive fan-like texture is still 
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observed with cyclohexane concentrations up to 20 wt.%, suggesting that the 
hexagonal phase is maintained. Although strong birefringence is still observed for 
the samples containing 25 and 30 wt.% cyclohexane, the fan-like texture of the 
birefringence is not retained; suggesting the presence of a weakly-ordered hexagonal 
phase.  
 
Figure 6.11: Polarized optical microscopy images of C16mimAcr/water/HEMA/PEGDMA/cyclohexane 
system as a function of cyclohexane concentration at 20 °C. 
SAXS measurements have been performed to characterize phase behaviour of the 
HEMA/PEGDMA/cyclohexane systems as a function of cyclohexane concentration 
and the results are presented in Figure 6.12. The hexagonal phase is maintained up to 
10 wt.% cyclohexane with the following reflection peak ratios observed: q1(100) : 
q2(110) : q3(200) : q4(210) =  1:√3:√4:√7. Surprisingly, the lattice parameter, a, of the 
hexagonal phase is not significantly impacted by the incorporation of cyclohexane 
and mostly remains constant for all cyclohexane concentrations where the hexagonal 
phase is present (i.e. up to 10 wt.%, See Table 6.3). It has been reported that, at fixed 
surfactant concentration, the substitution of fragrance compounds (i.e. hydrophobic 
6.3 wt.% cyclohexane 
a) b) c) 
d) 
10 wt.% cyclohexane 
20 wt.% cyclohexane 
0 wt.% cyclohexane 
e) f) 
25 wt.% cyclohexane 30 wt.% cyclohexane 
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molecules) for water in a lyotropic hexagonal phase, when the solute was located at 
the headgroup interface, resulted in an increase in headgroup area, while the radius 
of the hydrophobic domain remained the same, causing a decrease of the lattice 
parameter.27 On the other hand, if the solute was only solubilized into the 
hydrophobic domain, a decrease in the headgroup area should be observed, causing 
an increase of the lattice parameter.27 Although in this study the surfactant 
concentration is not fixed during the incorporation of cyclohexane, it could be 
rationalized that the decrease of the lattice parameter would be less significant, 
because the surfactant/water ratio remains constant. Therefore, the relatively constant 
value of the lattice parameter upon the incorporation of up to 10 wt.% cyclohexane 
suggests that the cyclohexane is partially located at the headgroup interface, as well 
as in the hydrophobic domain.27 Furthermore, it has been reported that a short-chain 
n-alkane (i.e. heptane) has a more pronounced tendency to penetrate the headgroup 
interface of discontinuous cubic phase than longer alkane.10 The smaller molecular 
volume of cyclohexane, even less than that of heptane, may explain why 
cyclohexane is partially located at the headgroup interface. Additionally, it can be 
clearly seen in Figure 6.12 that the cyclohexane incorporation improves the degree of 
ordering of hexagonal phase, as suggested by a significant reduction in the full width 
at half maximum (FWHM) of the first order of diffraction for the samples containing 
6.3 and 10 wt.% cyclohexane. This phenomenon is not surprising, as it has already 
been reported that incorporation of oil-based molecules into the hydrophobic 
domains of either discontinuous cubic phases or hexagonal phases increased the 
thermal stability of these mesophases.9, 10 The solubilization of oil-based molecules 
into the hydrophobic domains of these mesophases was suggested to induce a more 
positive curvature of the aggregates, increasing the thermal stability.10 Although, the 
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SAXS data suggests that the cyclohexane is partially solubilized at the headgroup 
interface, it is possible that some cyclohexane molecules are also located in the 
hydrophobic domains of the hexagonal phase, increasing the thermal stability, and 
thus the degree of ordering of this mesophase.9, 10 
Table 6.3: Space groups and calculated lattice parameters, a, for the 
C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems as a function of cyclohexane concentration 
C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems 
Cyclohexane  
concentration (wt.%) 0 6.3 10 20 25 30 
Space group P6m P6m P6m P6m/ ? Imm Imm 
Lattice parameter a  
(Å) 47.0 ± 0.1 46.8 ± 0.2 46.8 ± 0.2 65.0 ± 0.4/ ? 207.1 ± 0.6 207.9 ± 0.5 
 
As more cyclohexane is added to the system (i.e. at 20 wt.%), a drastic change in the 
SAXS pattern is observed, suggesting a phase rearrangement within the system has 
occurred. A biphasic SAXS pattern is observed for the sample containing 20 wt.% 
cyclohexane, with four reflections peaks centred at 0.113 Å-1, 0.195 Å-1, 0.221 Å-1 
and 0.296 Å-1, that could be indexed to a hexagonal phase with the following 
relationship: q1(100) : q2(110) : q3(200) : q4(210)  =  1:√3:√4:√7. An additional 
reflection peak centred at 0.098 Å-1 is observed, likely representing the 310 reflection 
of the discontinuous cubic phase observed for the samples with higher cyclohexane 
content.  
For the samples containing 25 wt.% and 30 wt.% cyclohexane, the SAXS patterns 
indicate the formation of discontinuous cubic phase with an Imm space group. The 
space group indexation for these two systems was quite difficult to determine 
because of the poor reflection peak resolution. Despite this, according to the relative 
reflection peak positions, Fdm and Fmm space groups (i.e. face centred) could be 
excluded with confidence. On the other hand, choosing between Imm and Pmn 
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symmetries was more challenging. Although, the indexation to the Pmn space 
group could not be definitively excluded, the fact that the 200 and 210 reflections are 
not observed has influenced the indexation towards Imm symmetry, type I. A total 
of eight reflection peaks are identified for the sample containing 30 wt.% 
cyclohexane, which could be indexed to the 110, 211, 220, 310, 222, 510 + 431, 521 
and 750 reflections of the Imm space group. 
 
Figure 6.12: Integrated SAXS patterns of 35/45/10/10 wt.% C16mimAcr/water/HEMA/PEGDMA (black), 
and with 6.3 (red), 10 (blue), 20 (turquoise), 25 (magenta) and 30 (dark yellow) wt.% cyclohexane. 
Although the SAXS data indicates the formation of a discontinuous cubic phase with 
Imm symmetry for the samples containing 25 and 30 wt.% cyclohexane, the fact 
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that the POM images for these systems show strong birefringence, but not fan-like 
texture, suggests the coexistence of a biphasic system, probably composed of a 
discontinuous cubic phase (i.e. Imm) and a cyclohexane-rich phase. 
Proton NMR measurements have been performed on the samples containing 10 and 
25 wt.% cyclohexane to probe the phase separation of the cyclohexane component. 
The linewidths of NMR signals, in this case proton signals, could provide qualitative 
information on the mobility of the different proton species observed, which could 
help to assess if phase separation of the cyclohexane component has occurred. Figure 
6.13 shows the proton NMR spectra of the 
C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems containing 10 wt.% and 
25 wt.% cyclohexane. These two cyclohexane concentrations were chosen because at 
10 wt.% cyclohexane, the system is homogeneous and exhibits a well-ordered 
hexagonal phase, while the system with 25 wt.% cyclohexane is heterogeneous and 
exhibits a discontinuous cubic phase with an Imm symmetry, as suggested by 
SAXS and POM data. The proton spectrum of the sample containing 10 wt.% 
cyclohexane shows three main broad protons signals and one relatively sharper 
proton signal at 0.8-1.7 ppm, 1.7-2.4 ppm, 3.5-4.1 ppm and 4.5-5.2 ppm, 
respectively. The sharp proton signal around 4.5-5.2 ppm likely corresponds to the 
water protons of the system.28 The narrower linewidth of this proton signal compared 
to the other proton signals indicates that these protons are more mobile than the other 
protons in this system. This is consistent with the formation of a hexagonal phase of 
type I, where the cylinders are arranged in a continuous aqueous medium.12 Another 
proton signal of interest for this study is the one around 0.8-1.7 ppm, assigned to the 
CH2 and CH3 protons of this system (i.e. not the methylene protons of HEMA and 
PEGDMA linkers, which are likely to be located around 3.5-4.1 ppm28, 29), and thus 
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part of this signal represents the protons of the cyclohexane component.28 The 
broader linewidth of cyclohexane proton signal compared to the water proton signal 
is also consistent with the formation of a hexagonal phase of type I, where the 
hydrophobic domains are confined. As can be seen in Figure 6.13, significant 
changes are observed in the proton NMR spectrum as cyclohexane concentration is 
increased to 25 wt.%. At this cyclohexane concentration, the system now exhibits an 
Imm discontinuous cubic phase of type I, as suggested by the SAXS data. However, 
the strong birefringence observed for this system under polarized light suggests that a 
phase separation has occurred, since a discontinuous cubic phase should display an 
isotropic texture due to three-dimensional periodicity of the cubic phase.30 The 
linewidth of the water proton signals remains relatively narrow as cyclohexane 
concentration is increased to 25 wt.%. This is again consistent with the formation of 
a mesophase of type I, in this case an Imm discontinuous cubic phase, where the 
micelles are arranged in continuous aqueous medium. However, the linewidth of the 
proton signal associated with the cyclohexane component (i.e. at 1.58 ppm) becomes 
narrower as the cyclohexane concentration is increased to 25 wt.%. This indicates 
that the mobility of the cyclohexane molecules has increased. This phenomenon is 
not consistent with the formation of mesophase of type I, where hydrophobic 
domains are confined inside the micelles.12 Therefore, the increase of cyclohexane 
mobility is likely indicating that a phase separation has occurred with the formation 
of a cyclohexane-rich phase, supporting the POM data. This new phase is believed to 
be located in the continuous aqueous medium that surrounds the micelles of the 
Imm discontinuous cubic phase. 
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Figure 6.13: Proton NMR spectra of C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems containing 
10 wt.% (blue line) and 25 wt.% (red line) cyclohexane. 
Figure 6.14 shows a schematic illustration of the Imm discontinuous cubic phase 
formed by the C16mimAcr/water/HEMA/PEGDMA/cyclohexane system containing 
25 wt.% cyclohexane, as well as the continuous aqueous media that surrounds each 
micelle, where the cyclohexane-rich region is believed to be located (See Figure 
6.14b). 
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Figure 6.14: Schematic illustration of the Imm discontinuous cubic phase (a) as well as its continuous 
aqueous medium (b) formed by the C16mimAcr/water/HEMA/PEGDMA/cyclohexane system containing 25 
wt.% cyclohexane. For clarity, the hydrophilic and hydrophobic domains of the micelles are represented in 
blue and yellow, respectively, with different arbitrary radii. The continuous aqueous medium is 
represented in green. The cyclohexane-rich phase is hypothesized to be located in this aqueous medium. 
6.3.2.2 Octane 
Figure 6.15 shows POM images of C16mimAcr/water/HEMA/PEGDMA/octane as a 
function of octane concentration. Strong birefringence with a typical fan-like texture 
is observed for the sample containing 6.3 wt.% octane, indicating that the hexagonal 
phase is maintained. However, as more octane is added to the system, the POM 
images show mostly no birefringence, suggesting that a phase rearrangement has 
occurred towards the formation of a cubic mesophase (because of the isotropic 
texture observed). Although the samples with 10 wt.% and 25 wt.% octane show 
predominantly an isotropic texture, slight birefringence is observed. This could 
suggest the coexistence of two phases, of which one is not cubic, or that a phase 
separation of the octane component is occurring. Interesting, the sample with an 
intermediate octane concentration (i.e. 20 wt.% octane) displays no birefringence, 
indicating the presence of a cubic phase and, more importantly, of a homogenous 
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system. Therefore, SAXS measurements have been performed in order to elucidate 
this unusual phase behaviour. 
 
Figure 6.15: Polarized optical microscopy images of C16mimAcr/water/HEMA/PEGDMA/octane as a 
function of octane concentration at 20 °C. 
The SAXS patterns of C16mimAcr/water/HEMA/PEGDMA/octane as a function of 
octane concentration are presented in Figure 6.16. Adding 6.3 wt.% octane has no 
significant impact on the formation of the hexagonal phase, apart from a slight shift 
to higher q values observed for the first order diffraction, suggesting an expansion of 
the cylindrical micelle’s diameter. The lattice parameter, a, was 47.0 Å and 52.4 Å 
for the samples containing 0 wt.% and 6.3 wt.% octane, respectively. Again, the 
increase in lattice parameter of the hexagonal phase during the first addition of 
octane indicates that the octane molecules are solubilized inside the hydrophobic 
domains of the cylinders, inducing swelling the cylinders’ diameter. 9, 10 
Interestingly, this phenomenon was not observed when cyclohexane was 
incorporated into the hexagonal phase, even up to 10 wt.% cyclohexane 
incorporation. This again highlights the influence of the size of the oil molecules on 
6.3 wt.% octane 
a) b) c) 
10 wt.% octane 
20 wt.% octane 
0 wt.% octane 
25 wt.% octane 
d) e) 
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where they are located within the system when solubilized. Small oil molecules 
(such as cyclohexane) show a strong tendency to be partially located at the 
headgroup interface, resulting in a decrease in the headgroup area while the radius of 
the hydrophobic domains remains constant.9, 10, 27 On the other hand, larger oil 
molecules (such as octane) are preferentially solubilized inside the hydrophobic 
domains, causing an increase in the lattice parameter.9, 10, 27 The space groups and 
lattice parameters of C16mimAcr/water/HEMA/PEGDMA/octane are summarized in 
Table 6.4. 
Table 6.4: Space groups and calculated lattice parameters, a, for 
C16mimAcr/water/HEMA/PEGDMA/octane as a function of octane concentration 
C16mimAcr/water/HEMA/PEGDMA/octane systems 
Octane concentration 
 (wt.%) 0 6.3 10 20 25 
Space group P6m P6m Pmn Fdm Fdm 
Lattice parameter a  
(Å) 47.0 ± 0.1 52.4 ± 0.2 124.7 ± 0.3 207.2 ± 0.4 205.7 ± 1.0 
 
As more octane is added to the system, significant changes in the SAXS patterns are 
observed, indicating a phase rearrangement. A total of thirteen reflection peaks are 
identified from the SAXS pattern of the sample containing 10 wt.% octane, twelve of 
which can be indexed to a discontinuous cubic phase with Pmn symmetry. 
However, the additional reflection peak observed at 0.055 Å-1 suggests the presence 
of another phase with a different symmetry, probably cubic. The intensity of this 
reflection increases as more octane is added to the system, suggesting that a phase 
rearrangement is occurring towards this new symmetry. The coexistence of these two 
phases for the sample containing 10 wt.% octane may explain why slight 
birefringence is observed under polarized optical microscopy (See Figure 6.15c), 
because this phase transition may lead to some phase separation of the octane 
component. The formation of an inverse discontinuous cubic phase with Fdm 
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symmetry is observed for both systems containing 20 wt.% and 25 wt.% octane. A 
total of ten reflection peaks are identified for the sample with 20 wt.% octane, which 
can be indexed as 111, 220, 311, 222, 400, 331, 511 + 333, 440, 531 and 442 
reflections of Fdm symmetry. 
Interestingly, the lattice parameter, a, of the sample containing 25 wt.% octane is 
smaller than that for the sample containing 20 wt.%, suggesting that a phase 
separation of the octane component has occurred. This is consistent with the 
appearance of slight birefringence for the system containing 25 wt.% octane (See 
Figure 6.15e). 
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Figure 6.16: Integrated SAXS patterns of 35/45/10/10 wt.% C16mimAcr/water/HEMA/PEGDMA (black), 
containing 6.3 (red), 10 (blue), 20 (turquoise) and 25 (magenta) wt.% octane. 
6.3.2.3 Dodecane 
POM images of C16mimAcr/water/HEMA/PEGDMA/dodecane as a function of 
dodecane concentration are presented in Figure 6.17. The samples containing 10 
wt.% and 20 wt.% dodecane show no birefringence, in sharp contrast with the 
dodecane-free sample, suggesting that a phase rearrangement has occurred, towards a 
cubic phase.  
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Figure 6.17: Polarized optical microscopy images of C16mimAcr/water/HEMA/PEGDMA/dodecane as a 
function of dodecane concentration at 20 °C. 
SAXS measurements were performed to characterize the phase rearrangement which 
follows dodecane incorporation, and are presented in Figure 6.18. The drastic 
changes observed in the SAXS pattern for the samples containing dodecane are in 
agreement with the phase rearrangement suggested by the POM data. Both samples 
with dodecane showed similar SAXS patterns, which could be indexed as an inverse 
discontinuous cubic phase with Fdm symmetry. A total of eight reflection peaks,
which could be indexed as 111, 220, 311, 222, 331, 511+ 333, 442 and 533 
reflections of Fdm symmetry, were identified for the sample with 20 wt.% 
dodecane.  
 
Table 6.5: Space groups and calculated lattice parameters, a, for 
C16mimAcr/water/HEMA/PEGDMA/dodecane as a function of dodecane concentration 
C16mimAcr/water/HEMA/PEGDMA/dodecane system 
Dodecane concentration 
 (wt.%) 0 10 20 
Space group P6m Fdm Fdm 
Lattice parameter a  
(Å) 47.0 ± 0.1 184.2 ± 0.8 185.4 ± 0.8 
 
a) b) c) 
0 wt.% dodecane 10 wt.% dodecane 20 wt.% dodecane 
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Figure 6.18: Integrated SAXS patterns of 35/45/10/10 wt.% C16mimAcr/water/HEMA/PEGDMA (black) 
containing 10 (red) and 20 (blue) wt.% dodecane. 
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6.4  Effect of non-UV-reactive molecules on the liquid crystalline 
phase: post-polymerization 
Section 6.3 showed that the incorporation of non-UV-reactive molecules has 
different impacts on the liquid crystalline phase present pre-polymerization, 
depending on several factors including: the size and concentration of the non-UV-
reactive molecules and the type of liquid crystalline phase present before 
incorporation. This section presents SAXS characterization of the liquid crystalline 
phases present post-polymerization for all the different systems studied in the 
previous section. 
6.4.1 Discontinuous cubic phase system 
6.4.1.1 Cyclohexane 
Figure 6.19 shows the integrated SAXS patterns of 
C16mimAcr/water/PEGDA/cyclohexane post-polymerization as a function of 
cyclohexane concentration. As mentioned earlier, the PEGDA system containing 
6.3 wt.% cyclohexane exhibits a Pm  n discontinuous cubic phase, pre-
polymerization, as suggested by the SAXS and POM data. Hoewver, as shown in 
Figure 6.19, post-polymerization, this system displays a similar SAXS pattern to that 
of the PEGDA system without cyclohexane. This indicates that the polymerization of 
both systems results in the formation of a nanostructured polymer with the same 
liquid crystalline phase. As previously stated, the liquid crystalline phase of the 
PEGDA system post-polymerization was hypothesised to consist of two lamellar 
phases with repeat distances of 37.9 Å and 33.6 Å. 
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Although, pre-polymerization, an increase in the cyclohexane concentration induces 
a phase rearrangement towards the formation of an inverse discontinuous cubic 
phase with Fdm symmetry, post-polymerization, the SAXS patterns of the PEGDA 
systems containing 10 wt.% and 20 wt.% cyclohexane again suggest the formation of 
two lamellar phases with slightly different repeat distances. The phase rearrangement 
towards a lamellar phase during photo-polymerization is even more surprising for the 
sample containing 20 wt.% cyclohexane, where the formation of an inverse 
discontinuous cubic phase (i.e. Fdm) is observed prior to polymerization. Indeed, 
the incorporation of a small of amount of cyclohexane into an inverse hexagonal 
phase was reported to improve the structure retention during photo-polymerization.4 
The authors of that study hypothesized that the incorporation of oil-based molecules, 
such as cyclohexane, stabilized the spontaneous curvature required for the retention 
of the inverse hexagonal phase.4 The present PEGDA system containing 20 wt.% 
cyclohexane has an inverse discontinuous cubic phase; however, the phenomenon of 
curvature stabilization through incorporation of oil-based molecules would be 
expected to also be applicable for the inverse discontinuous cubic phase (i.e. Fdm) 
since both systems are characterized by negative curvature. However, retention of 
the inverse discontinuous cubic structure was not observed, suggesting that 
destabilization of spontaneous curvature is still occurring during photo-
polymerization. This difference probably results from the different locations of the 
polymerizable moieties on the surfactant molecules in the two studies. For the 
inverse hexagonal system mentioned above, the polymerizable moity was located on 
the alkyl chain of the surfactant molecule,4 which is believed also to limit the 
shrinking of headgroup area (a0), and thus, stabilize the spontaneous curvature 
required for the retention of inverse hexagonal phase.4 On the other hand, in the case 
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of C16mimAcr, the location of the polymerizable moiety on the counteranion is 
believed to favour the shrinking of headgroup area (a0) during the photo-
polymerization process because this location is close to the headgroup interface, as 
suggested by the in situ SAXS polymerization data (See section 6.2.3) 
 
Figure 6.19: Integrated SAXS patterns of 35/45/20 wt.% C16mimAcr/water/PEGDA (black), and 
containing 6.3 (red), 10 (blue), 20 (turquoise) cyclohexane, post-polymerization. 
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6.4.1.2 Octane 
As shown in Figure 6.20, the SAXS patterns of the 
C16mimAcr/water/PEGDA/octane systems post-polymerization are similar for all 
octane concentrations, and again suggest the formation of two lamellar phases with 
slightly different repeat distances.  
 
Figure 6.20: Integrated SAXS patterns of 35/45/20 wt.% C16mimAcr/water/PEGDA (black), and 
containing 6.3 (red), 10 (blue), 20 (turquoise) wt.% octane, post-polymerization. 
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6.4.2 Hexagonal phase system 
6.4.2.1 Cyclohexane 
As mentioned in section 6.3.2.1, incorporation of up to 10 wt.% cyclohexane into the 
C16mimAcr/water/HEMA/PEGDMA system has no significant impact on the 
formation of the hexagonal phase, although it does enhance the degree of ordering. 
However, the SAXS patterns of those systems post-polymerization show no 
indication of structure retention (See Figure 6.21). Instead, the characteristic SAXS 
patterns of two lamellar phases are again observed for samples with cyclohexane 
concentrations up to 20 wt.%. 
As more cyclohexane is added to the system, the formation of a biphasic system is 
observed pre-polymerization with the presence of a discontinuous cubic phase with 
Imm symmetry and a cyclohexane-rich phase. Surprisingly, the post-polymerization 
SAXS patterns of the HEMA/PEGDMA system containing 25 or 30 wt.% 
cyclohexane are significantly different to those at lower cyclohexane contents, 
suggesting some degree of structure retention. Indeed, a total of seven reflection 
peaks, which can be indexed as 110, 200, 210, 220, 310 and 422 reflections of a 
discontinuous cubic phase with Pmn symmetry, are identified for the sample with 
25 wt.% cyclohexane. The sample containing 30 wt.% cyclohexane can also be 
indexed to Pmn symmetry.  
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Figure 6.21: Integrated SAXS patterns of 35/45/10/10 wt.% C16mimAcr/water/HEMA/PEGDMA (black), 
and containing 6.3 (red), 10 (blue), 20 (turquoise), 25 (magenta) and 30 (dark yellow) wt.% cyclohexane. 
Additionally, the polymer films exhibiting a discontinuous cubic phase (i.e. Pmn) 
were dried further in a vacuum oven at 50 °C for 24 hours to make sure that the 
additional reflection peaks observed in the SAXS patterns are not caused by residual 
cyclohexane. Figure 6.22 shows the SAXS patterns of the 
C16mimAcr/water/HEMA/PEGDMA/cyclohexane system containing 25 wt.% 
cyclohexane post-polymerization, pre- and post-drying. The SAXS pattern of this 
system, post-drying, is almost identical to that pre-drying, with the exception that 
some reflection peaks are better resolved after drying. This indicates that the 
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discontinuous cubic phase (i.e. Pmn) observed post polymerization is indeed part of 
the polymer nanostructure. 
 
Figure 6.22: Integrated SAXS patterns of the C16mimAcr/water/HEMA/PEGDMA/cyclohexane system 
containing 25 wt.% cyclohexane post-polymerization, pre- (black line) and post-drying (red line). 
WAXS measurements have also been performed on the 
C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems containing 10 wt.% and 
25 wt.% cyclohexane post-polymerization to investigate the carbon-carbon packing 
state of the ionic liquid alkyl chain; the results are presented in Figure 6.23. The 
system containing 10 wt.% cyclohexane displays only a single peak centred at q = 
1.51 Å-1, corresponding to carbon-carbon packing of the ionic liquid alkyl chains, 
giving a repeat distance of d = 4.1 Å.31-33 This WAXS pattern is common to all those 
C16mimAcr/water/linker/non-UV-reactive molecule systems where structure 
retention was not observed post-polymerization (See Figure 6.23, blue line). On the 
other hand, significant changes in the WAXS patterns are observed for the system 
containing 25 wt.% cyclohexane, pre- and post-drying. Drying does not affect these 
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WAXS patterns, confirming again that the nanostructure observed is part of the 
polymer nanostructure. Interestingly, this system displays two main reflection peaks 
centred at q = 1.52 Å-1 and q = 1.53 Å-1, suggesting the presence of two types of 
carbon-carbon packing, corresponding to repeat distances of d = 4.13 Å and 4.10 Å, 
respectively. The presence of two types of carbon-carbon packing arrangement could 
be attributed to the fact that the discontinuous cubic phase, with a Pmn symmetry, 
is composed of two distinct types of micelles; one quasi-spherical and the other with 
a disc shape.34-38 
Although, the symmetry of the samples containing 25 wt.% and 30 wt.% 
cyclohexane has changed during photo-polymerization, it is interesting that the 
nature of the discontinuous cubic architecture was maintained. It has been reported 
that the transition between an Imm phase and a Pmn phase occurred without any 
fusion event, but instead by a rearrangement and deformation of the micelle, 
allowing a low energy transition pathway.39 Additionally, it is hypothesized that the 
phase separation of the cyclohexane component present for both samples pre-
polymerization has helped to limit the phase rearrangement, which normally occurs 
for C16mimAcr systems towards the formation of two lamellar phases during the 
photo-polymerization process, by acting as a “protective barrier” around each 
micelle of the discontinuous cubic phase. 
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Figure 6.23: Integrated WAXS patterns of C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems, 
post-polymerization. 25 wt.% cyclohexane, prior- (black line) and post- (red line) drying; 10 wt.% 
cyclohexane, without further drying (blue line).  
6.4.2.2 Octane 
As mentioned in section 6.3.2.2, octane incorporation into the HEMA/PEGDMA 
system pre-polymerization leads to several phase rearrangements, going from the 
formation of a hexagonal phase (i.e. 0 and 6.3 wt.% octane) to a discontinuous cubic 
phase with Pmn symmetry (i.e. 10 wt.%) and finally to a discontinuous cubic phase 
with Fdm symmetry (i.e. 20 and 25 wt.%). However, post-polymerization, the 
samples exhibit the same SAXS patterns, regardless of octane concentration (See 
Figure 6.24), again suggesting the formation of two different lamellar phases. 
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Figure 6.24: Integrated SAXS patterns of 35/45/10/10 wt.% C16mimAcr/water/HEMA/PEGDMA (black), 
and of systems containing 6.3 (red), 10 (blue), 20 (turquoise) and 25 (magenta) wt.% octane. 
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6.4.2.3 Dodecane 
Similar results are observed for the C16mimAcr/water/HEM/PEGDMA/dodecane 
system, where the SAXS pattern post-polymerization of the sample with 10 wt.% 
dodecane (See Figure 6.25) suggests that no structure is retained.  
 
Figure 6.25: Integrated SAXS patterns of the 35/45/10/10 wt.% C16mimAcr/water/HEMA/PEGDMA 
system (black), and of systems containing 10 (red) and 20 (blue) wt.% dodecane. 
On the contrary, a drastic change in the SAXS pattern of the sample containing 20 
wt.% is observed post-polymerization compared to the two lamellar phases that were 
usually observed in post-polymerization SAXS patterns. Unfortunately, the phase 
assignment for this sample was unsuccessful because of the poor resolution of the 
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resulting SAXS patterns. Additionally, the increase in the scattering intensity at low 
q values could be attributed to some residual dodecane, which is consistent with the 
different physical appearance of this system compared to the other polymers formed 
in this study (i.e. white colour for the system containing 20 wt.% dodecane vs. light 
yellow colour for all the other systems). Therefore, the polymer film formed by the 
system containing 20 wt.% dodecane was further dried using a vacuum oven at 50 °C 
for 24 hours to remove residual dodecane. Figure 6.26 shows the SAXS patterns of 
the C16mimAcr/water/HEMA/PEGDMA/dodecane system containing 20 wt.% 
dodecane post-polymerization, prior to and post drying. Drastic changes in the SAXS 
pattern of this system are observed after drying. Post-drying, a SAXS pattern 
characteristic of two lamellar phases with repeat distances equal to 38.5 Å and 34.0 
Å is seen, again indicating that no structure retention is observed for this system 
during the polymerization process. 
 
Figure 6.26 Integrated SAXS patterns of the C16mimAcr/water/HEMA/PEGDMA/dodecane system 
containing 20 wt.% dodecane, post-polymerization, prior (black line) and post (red line) drying. 
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6.5  Conclusion 
Both PEGDA and HEMA/PEGDMA systems undergo phase rearrangement during 
photo-polymerization, resulting in lamellar architecture. in situ SAXS measurements 
during the photo-polymerization of the PEGDA system were performed, highlighting 
the structural changes occurring, from spherical micelle to cylindrical micelle and 
finally lamellar architecture. The order of this sequence of structural changes is 
related to an increase of the critical packing parameter.7 It was hypothesized that this 
increase is due to a reduction of the headgroup area caused by the crosslinking of the 
acrylate moiety. The incorporation of non-UV-reactive molecules into the LLC 
phase formed by the PEGDA and HEMA/PEGDMA systems was believed to help 
the structure retention during photo-polymerization by increasing the hydrocarbon 
interaction. However, incorporation of non-UV-reactive molecules had different 
effects on the liquid crystalline phase present pre-polymerization, depending on 
several factors including: the size and concentration of the non-UV-reactive 
molecules and the type of liquid crystalline phase present before incorporation. For 
example, the incorporation of either cyclohexane or octane into the discontinuous 
cubic phase (Pmn) formed by the PEGDA system leads to a phase rearrangement 
towards the formation of an inverse discontinuous phase with Fdm symmetry, at 
high concentration of non-UV-reactive molecules. In contrast, the incorporation of 
cyclohexane into the hexagonal phase formed by the HEMA/PEGDMA system leads 
to the formation of a biphasic system with a discontinuous cubic phase (Imm) and a 
cyclohexane-rich phase, at high concentration of cyclohexane. On the other hand, at 
high concentration of either octane or dodecane, the formation of an inverse 
discontinuous phase with Fdm symmetry is again observed. 
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Unfortunately, it was found that in general, the incorporation of non-UV-reactive 
molecules does not have a positive impact on the structure retention of LLC phase 
during photo-polymerization, apart from for the HEMA/PEGDMA system 
containing 25 wt.% and 30 wt.% cyclohexane. Both these systems show some degree 
of structure retention post-polymerization, retaining a discontinuous phase, albeit 
with a symmetry rearrangement from Imm to Pmn symmetry. This is probably 
because those samples are biphasic, with a discontinuous cubic phase (Imm) and a 
cyclohexane-rich phase. It was hypothesized that the cyclohexane-rich phase 
surrounding the micelle of the discontinuous cubic phase is helping the structure 
retention by restricting the global mobility of the cubic phase. 
 
Interestingly, the C16mimAcr/water/PEGDA/cyclohexane system containing 20 wt.% 
cyclohexane, which forms an inverse discontinuous cubic phase with Fdm 
symmetry, did not show any structure retention post-polymerization. Previously, the 
incorporation of oil-based molecules, such as cyclohexane, has been reported to 
improve the structure retention of a inverse hexagonal phase during polymerization 
by stabilizing the spontaneous curvature required for the retention of this 
mesophase.4 Thus it might be expected that, since both inverse hexagonal phase and 
inverse discontinuous cubic phase are characterized by negative curvature, the 
presence of oil-based molecules (in this case cyclohexane) would help to stabilize the 
spontaneous curvature of both mesophases. However, structure retention is not 
observed for the inverse discontinuous cubic phase, suggesting that a destabilization 
of spontaneous curvature is still occurring during photo-polymerization. This is 
likely due to differences in the location of the polymerizable moiety on the surfactant 
molecules of the two systems. For the inverse hexagonal system mentioned above, 
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the polymerizable moity was located on the alkyl chain of the surfactant molecule4, 
instead of on the counteranion as it is in C16mimAcr. It seems that the location of the 
polymerizable moiety on the counteranion favours the shrinking of headgroup area 
(a0) during the photo-polymerization process because this location is close to the 
headgroup interface, as also suggested by the in situ SAXS polymerization data (See 
section 6.2.3). 
This highlights the importance of the location of the polymerizable moiety for 
structure retention of lyotropic systems during photo-polymerization. At the 
beginning of this project, the location of a polymerizable moiety on the anion of the 
LLC molecule (i.e. the use of an acrylate anion) rather than on the cation headgroup 
or its alkyl chain was chosen because it was believed that the two latter options 
would limit access to the alkyl chain bilayer, and thus make it difficult to 
subsequently insert guest molecules, such as cyclic peptide nanotubes.40 This was a 
crucial driving point for this project, as the development of selective transport 
membranes using cyclic peptide nanotubes as ion transport channels was the ultimate 
goal of the project. However, when the acrylate anion is the polymerizable moiety, 
crosslinking results in a reduction of the headgroup area, which destabilizes the 
spontaneous curvature required for either spherical or cylindrical micelle 
architectures. Future work on the design of polymerizable LLC molecules, where the 
polymerizable moiety is located on the cationic surfactant molecule, is required to 
confirm this hypothesis. Guymon et al. have already reported successful structure 
retention during the photo-polymerization of a polymerizable LLC system where the 
polymerizable moiety was attached to an ammonium-based surfactant, giving some 
support to this hypothesis.3  
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7.1  Conclusions 
This study sought to design and characterize a novel polymerizable lyotropic liquid 
crystal system with the ultimate goal of developing a new class of selective transport 
membranes using CPNs and polymerizable LLCs, for applications in CO2 capture 
and energy storage. From our preliminary works (See appendix 2.3), it became clear 
that the liquid crystalline phase (hexagonal phase) formed by the 1-octyl-3-
methylimidazolium chloride LLC (OMImCl) was crucial for the alignment of CPNs. 
For this reason as well as for the difficulty encountered to preserve the LLC phase 
present in these systems post-polymerization, most of the subsequent works has been 
focused on the design and characterization of polymerizable LLC systems, instead of 
the impact of CPNs on the LLC phase. Additionally, it also appeared from our 
preliminary works that the impact of CPN incorporation into the LLC phase has a 
similar effect on the LLC phase as carbon nanotubes.1-5 On the other hand, 
simultaneously to our preliminary work on CPNs alignment, the impact of water and 
metals salts on the transport and structural properties of the OMImCl has also been 
investigated due to the potential use of these nanostructured materials for metal-air 
applications (See appendix 2.2). However, this avenue of research was not further 
investigated due to the challenges associated with retention of the LLC phase, post-
polymerization. Therefore, this chapter will only present the conclusions drawn from 
the design and characterization of polymerizable LLC system as well as the use of 
amine-functionalized surfaces to control the alignment of the hexagonal liquid 
crystalline phase. Finally, future work outlines will be also discussed. 
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7.1.1 Development of nanostructured polymeric materials using 
polymerizable lyotropic liquid crystals 
For the design of this novel polymerizable LLC, the location of the polymerizable 
moiety on the LLC molecule was been carefully selected, considering the future 
incorporation of CPNs. It had been reported that the insertion of a polymerizable 
moiety into the cation headgroup or alkyl chain would limit the accessibility of the 
alkyl chain bilayer to membrane-soluble biomolecules.6 This alkyl chain bilayer 
configuration is crucial for the incorporation and alignment of CPNs in LLC 
systems; indeed, the alignment of CPNs has been previously reported in liposome 
solution,7, 8 where CPNs were segregated in the lipid bilayer membrane. As such, the 
use of a polymerizable counteranion, such as an acrylate anion, as part of an 
imidazolium-based ionic liquid has been explored. 
 
The phase behaviour of this novel polymerizable LLC, 1-hexadecyl-3-
methylimidazolium acrylate (C16mimAcr), has been compared to that of its well-
known LLC chloride analogue, 1-hexadecyl-3-methylimidazolium chloride 
(C16mimCl), to investigate the impact of the insertion of a polymerizable 
counteranion on the phase behaviour (with water addition) of these imidazolium-
based ionic liquids. SAXS analyses of the C16mimCl/water system and 
C16mimAcr/water system have shown that the latter system presents more complex 
phase behaviour with the formation of a lamellar phase (Lα), a hexagonal phase (H1) 
and a discontinuous cubic phase (I1) at 20 °C. In contrast, the C16mimCl/water 
system only forms a lamellar phase at 20 °C. The appearance of additional liquid 
crystalline mesophases for the C16mimAcr/water system is likely caused by the 
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strong hydrating nature of the acrylate anion, causing an increase in the headgroup 
area (a0). 
 
As previously mentioned, the poor inherent mechanical properties of LLC systems, 
as well as the sensitivity of their mesophase to solvent concentration and 
temperature, have limited their use in material applications, such as membrane 
separation.9-12 To polymerize the nanostructures present in the C16mimAcr/water 
system, the use of a suitable co-linker is required for the fabrication of a cross-linked 
polymer. Therefore, the impact of linker chemistry, as well as linker concentration, 
on the liquid crystalline phase formed by the C16mimAcr/water/linker systems pre-
polymerization has also been investigated. The linkers selected for this study were: 
poly(ethylene glycol) diacrylate (PEGDA), poly(ethylene glycol) dimethacrylate 
(PEGDMA), 2-hydroxyethyl acrylate (HEA) and 2-hydroxyethyl methacrylate 
(HEMA). The linker was incorporated by substituting some amount of water with the 
linker. The C16mimAcr/water system containing 65 wt.% water has been selected for 
this study due to the homogeneity of this system (i.e. only a single phase is present). 
At this water content, the formation of a discontinuous cubic phase (Pmn space 
group) is observed. In most cases, the incorporation of linker, up to 20 wt.%, does 
not have a significant impact on the formation of the discontinuous cubic phase with 
Pmn symmetry, with the exception of a reduction in the lattice parameter. This 
reduction of the lattice parameter likely indicates that the linker molecules are mostly 
located at the headgroup interface.13, 14 Interestingly, the incorporation of 20 wt.% 
HEMA leads to a phase rearrangement towards the formation of a hexagonal phase, 
as suggested by the SAXS and POM data. 
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The exploration of the polymerization capability of the C16mimAcr/water/linker 
systems containing 20 wt.% linker shows that the polymerization kinetics of the 
PEGDA system are faster than those of the PEGDMA and HEA systems, resulting in 
the formation of a self-standing polymer in 30 minutes of UV-exposure for the 
PEGDA system rather than 80 minutes for the PEGDMA and HEA systems. On the 
other hand, the photo-polymerization of the C16mimAcr/water/HEMA system 
containing 20 wt.% HEMA does not result in the production of a self-standing 
polymer, even after 3 hours of UV-exposure. However, it was found that the 
substitution of 10 wt.% of HEMA by the PEGDMA linker, which does not have a 
significant impact on the formation of the hexagonal phase pre-polymerization, also 
improves the polymerization kinetics of this system, yielding a self-standing film 
after 80 minutes of UV-exposure. 
 
Additionally, the characterization of the liquid crystalline phase present in the 
C16mimAcr/water/linker systems post-polymerization has also been examined to 
investigate the impact of photo-polymerization on the liquid crystalline phase present 
in these systems pre-polymerization. Two LLC systems have been chosen for this 
study: the C16mimAcr/water/PEGDA system (i.e. 35/45/20 wt.%) and the 
C16mimAcr/water/HEMA/PEGDMA system (i.e. 35/45/10/10 wt.%). These systems 
have been selected either because of their fast polymerization kinetics (i.e. PEGDA 
system) or the type of mesophase present in these systems pre-polymerization (i.e. 
discontinuous cubic phase for the PEGDA system or hexagonal phase for the 
HEMA/PEGDMA system). It was found that both liquid crystalline phases present 
pre-polymerization for the two systems undergo a similar phase rearrangement 
towards the formation of two lamellar phases with slightly different repeat distances 
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as a result of UV-exposure. In situ SAXS polymerization analysis for the 
C16mimAcr/water/PEGDA system reveals that structural changes are occurring, 
going from spherical micelle to cylindrical micelle and finally to a lamellar 
architecture. This sequence of structural changes follows a typical order that is 
related to a reduction of the headgroup area (a0) ,15 likely caused by the crosslinking 
of the acrylate moiety. 
 
Finally, the incorporation of non-UV-reactive molecules (cyclohexane, octane and 
dodecane) into the LC phases formed by the PEGDA and HEMA/PEGDMA systems 
has been characterized prior- and post-polymerization to investigate their impacts on 
the structure retention of these systems post-polymerization. In most cases, the 
incorporation of a high concentration of non-UV-reactive molecules induces a phase 
rearrangement towards the formation of an inverse discontinuous cubic phase (i.e. 
Fdm symmetry) prior to polymerization. On the other hand, the incorporation of 25 
wt.% cyclohexane into the HEMA/PEGDMA system leads to the formation of a 
biphasic system pre-polymerization with the presence of a discontinuous cubic phase 
(i.e. Imm) and a cyclohexane-rich phase. Interestingly, this biphasic system shows 
some degree of structure retention post-polymerization with the preservation of the 
discontinuous cubic phase, although, its symmetry has changed from Imm to Pmn. 
Unfortunately, the incorporation of non-UV-reactive molecules does not improve the 
structure retention of the other lyotropic systems studied. It is hypothesized that the 
structure retention observed for the HEMA/PEGDMA systems containing 25 wt.% 
and 30 wt.% cyclohexane is likely due to the biphasic nature of these systems. It is 
believed that the cyclohexane-rich phase present in these systems acts as a 
“protective layer”, helping the structure retention during the photo-polymerization 
 Chapter Seven: Conclusions & Future Work 207 
process by limiting the deformation and opening of the spherical micelles present in 
these systems. 
7.1.2 Controlling the alignment of a hexagonal liquid crystalline 
phase using amine-functionalized glass slide 
The ability to control the macroscopic alignment of a hexagonal liquid crystalline 
phase using amine-functionalized surfaces has also been explored by POM and 
synchrotron SAXS analysis. Macroscopic alignment of the hexagonal phase, 
perpendicular to the amine-functionalized surface plane, could be achieved during 
the passage from the order-disorder transition using a relatively slow cooling rate 
(i.e. 1 °C per min). A randomly-oriented hexagonal phase is produced using 
untreated surfaces under similar heat treatment conditions. Additionally, it was 
shown that sample thickness has a significant impact on the degree of alignment; 
with a reduction of the degree of alignment observed as sample thickness increases. 
The best alignment result was produced with a 14 μm spacer. The thickness 
dependence is as expected, since the alignment is induced by the amine functionality 
at the surfaces of both coverslips. It was hypothesized that increasing sample 
thickness would also increase the gap where the nucleation of unoriented hexagonal 
ordering could be produced. 
Finally, the impact of alternative cooling treatment, in particular the addition of an 
isothermal step around the order-disorder transition, on the degree of alignment has 
also been investigated. It was found that a better degree of alignment is produced 
when an additional isothermal step is used. It was hypothesized that the addition of 
an isothermal step around the order-disorder transition allows the residues of 
unoriented hexagonal phase to re-align, while the viscosity of the system is still not 
detrimental. 
 Chapter Seven: Conclusions & Future Work 208 
   
 Chapter Seven: Conclusions & Future Work 209 
7.2  Future work 
The development of advanced nanostructured materials using polymerizable 
lyotropic liquid crystals has attracted a lot of attention due to their potential uses, 
including as membranes and in batteries.9, 16-19 However, the structure retention of 
these systems during photo-polymerization remains a key challenge for their use in 
the mentioned applications.6, 19-21 From this study, it was found that in most cases the 
polymerizable LLC systems, formed by the C16mimAcr ionic liquid, undergo a phase 
rearrangement towards the formation of two lamellar phases during photo-
polymerization. In situ SAXS measurements during polymerization suggest that a 
reduction of the headgroup area is occurring, likely caused by the crosslinking of the 
acrylate moieties. This highlights the importance of polymerizable moiety location 
on the structure retention of LLC systems during photo-polymerization. Therefore, 
the design of new polymerizable LLC molecules, with variation to the location of the 
polymerizable moiety (either on the cation headgroup or alkyl chain) is required to 
confirm if the reduction of the headgroup area, observed in the C16mimAcr case, is 
impacted by the location of the polymerizable moiety. Figure 7.1 shows the chemical 
structures of the proposed polymerizable LLCs with different polymerizable moiety 
locations. A negligible disruption of the alkyl chain bilayer could be rationalized 
with a polymerizable moiety located on the cation headgroup, although the 
crosslinking of this moiety could also induce a reduction of the headgroup area, 
which might cause a phase rearrangement during photo-polymerization, similar to 
that seen in the C16mimAcr systems (See Figure 7.1a). However, the presence of a 
flexible spacer between the imidazolium ring and the acrylate moiety might reduce 
this effect. On the other hand, the photo-polymerization of a LLC compound with a 
polymerizable moiety at the terminus of the alkyl chain (See Figure 7.1 b & c) is 
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unlikely to induce a reduction of headgroup area, and thus could improve the 
structure retention of the liquid crystalline phases, formed by this polymerizable 
LLC, during photo-polymerization.22 However, the crosslinking of this latter might 
limit the access of the alkyl chain bilayer for the incorporation of host molecules, 
such as cyclic peptide nanotubes.6 
 
Figure 7.1: Chemical structures of the proposed polymerizable LLCs with different polymerizable moiety 
locations. 
Once the relationship between polymerizable moiety locations and their impacts on 
the structure retention of the different liquid crystalline phases formed by the 
proposed polymerizable LLCs has been investigated, incorporation of CPNs into the 
LLC systems that retain their nanostructure during photo-polymerization should also 
be explored. In particular, the impact of CPN concentration on the stability of 
different liquid crystalline phases pre-and post-polymerization should be investigated 
using small-and wide-angle X-ray scattering, confocal fluorescence microscopy and 
electron microscopy. From the literature on CPN alignment using liposome 
solutions7, 8 and our previous work (See appendix 2.3), CPNs, especially those 
formed by D- and L- α-amino acids, are expected to be located in the hydrophobic 
domain of the liquid crystalline phase, similar to the incorporation of carbon 
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nanotubes into LLCs.1, 2 Therefore, the effects of CPN incorporation on the 
polymerization ability and the structure retention of the different LLCs systems 
could also be investigated. This study would give useful highlights into the impact of 
the polymerizable moiety location on the access of the alkyl chain bilayer for 
incorporation of protein-based ion channels, such as cyclic peptide nanotubes.  
 
After fabrication of CPN-LLC membranes is achieved, the transport properties of 
these novel membranes should be investigated. Here, the impact of CPN chemistry 
towards enhancing selectivity will then be explored by the modification of CPN 
diameter and/or by altering the chemistry of internal cavities of CPNs. The transport 
properties of the CPN-LLC membranes could first be characterized using U-tube 
permeation cell experiment with different sizes of ionic molecules. This is a common 
method to characterize the molecular size based selectivity of carbon nanotube 
membranes and other nanoporous systems.23-25 Additionally, a combination of 
diffusion NMR spectroscopy and electrochemical impedance spectroscopy can be 
used to characterize the transport properties of the CPN-LLC membranes. Finally, 
the gas permeability of the CPN-LLC membranes should also be explored for 
potential use in CO2 capture applications. 
 
Overall, the future work proposed in this section will provide a better understanding 
into the development of advanced polymers with well-defined nanostructures using 
polymerizable lyotropic liquid crystals. Additionally, the transport characterization 
of the CPN-LLC membranes will provide useful guidance for the potential use of 
CPNs as protein-based ion channels for membrane separation applications. 
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Appendix One SAXS Data 
1.1  Phase assignments: pre-polymerization 
1.1.1 C16mimCl/water system: Lamellar phase (Lα) 
Table A.1: Phase assignment and lattice parameter, a, of the lamellar phase (Lα) for the C16mimCl/water 
system at 20 °C. 
C16mimCl/water system: phase assignment and lattice parameter, a 
Phases 
Water 
concentration 
(wt.%) 
q100 /Å-1 q200 /Å-1 q300 /Å-1 q400 /Å-1 a /Å 
Lamellar 
(Lα) 
4.8 
0.104 
0.111 
0.118 
0.221 
0.229 
0.234 
N/O 
N/O 
N/O 
N/O 
0.463 
0.475 
57.45 ± 1.26 
54.43 ± 0.34 
53.00 ± 0.22 
10 
0.192 
0.199 
0.230 
0.239 
0.385 
N/O 
0.462 
0.471 
N/O 
N/O 
N/O 
N/O 
N/O 
N/O 
N/O 
N/O 
32.62 ± 0.02 
31.5 
27.17 ± 0.02 
26.55 ± 0.17 
20 
0.163 
0.170 
0.193 
N/O 
N/O 
0.385 
0.488 
0.499 
N/O 
N/O 
N/O 
N/O 
38.57 ± 0.00  
37.68 ± 0.28 
32.55 ± 0.04 
30 0.157 0.166 
0.314 
N/O 
0.470 
N/O 
N/O 
N/O 
40.08  ± 0.01 
37.8 
N/O: not observed. 
1.1.2 C16mimCl/water system: Lamellar phase (Lα) and micellar 
phase (L1) 
Table A.2: Phase assignment and lattice parameter, a, of the lamellar phase (Lα) and the correlation 
lengths of pair distribution of micelles, ξc, of the micellar phase (L1) for the C16mimCl/water system at 20 
°C. 
C16mimCl/water system: phase assignment, correlation lengths of micelles ξc and lattice 
parameter, a 
Phases 
Water 
concentration 
(wt.%) 
qξc /Å-1 ξc / Å q100 /Å-1 q200 /Å-1 q300 /Å-1 a /Å 
Lamellar 
(Lα) 
+ 
Micellar 
(L1) 
40 0.111 56.6 0.143 0.288 0.432 43.63 ± 0.04 
50 0.111 56.7 0.134 0.27 0.405 46.54 ± 0.05 
60 (gel)* 0.110 57.0 0.131 0.263 0.393 47.90 ± 0.03 
60 (liq)* 0.110 57.1 0.127 N/O N/O 49.5 
N/O: not observed. * Phase separation occurred at concentration even after extended 
period of sonication and mixing. 
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1.1.3 C16mimCl/water system: Micellar phase (L1) 
Table A.3: Phase assignment and correlation lengths of pair distribution of micelles, ξc, of the micellar 
phase (L1) for the C16mimCl/water system at 20 °C. 
C16mimCl/water system: phase assignment and correlation lengths of micelles ξc 
Phases 
Water 
concentration 
(wt.%) 
qξc /Å-1 ξc / Å 
Micellar 
(L1) 
65 0.110 57.1 
70 0.107 58.4 
 
1.1.4 C16mimAcr/water system: Lamellar phase (Lα) 
Table A.4: Phase assignment and lattice parameter, a, of the lamellar phase (Lα) for the C16mimAcr/water 
system at 20 °C. 
C16mimAcr/water system: phase assignment and lattice parameter, a 
Phases 
 Water 
concentration 
(wt.%) 
q100 /Å-1 q200 /Å-1 q300 /Å-1 a /Å 
Lamellar 
(Lα) 
4.9 
0.183 
0.225 
0.234 
0.366 
0.449 
0.457 
0.549 
N/O 
N/O 
34.30 ± 0.02 
27.98 ± 0.03 
27.36 ± 0.23 
10 0.174 0.180 
0.349 
0.364 
0.522 
0.529 
36.08 ± 0.02 
35.26 ± 0.37 
20 
0.154 
0.165 
0.173 
0.307 
0.330 
0.347 
N/O 
0.494 
0.502 
40.83 ± 0.07 
38.13 ± 0.03 
37.08 ± 0.45 
N/O: not observed. 
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1.1.5 C16mimAcr/water system: Lamellar phase (Lα) and hexagonal 
phase (H1) 
Table A.5: Phase assignment and lattice parameter, a, of the lamellar phase (Lα) and hexagonal phase (H1) 
for the C16mimAcr/water system at 20 °C. 
C16mimAcr/water system: phase assignment and lattice parameter, a 
Phases 
Water 
concentration 
(wt.%) 
q100 
/Å-1 
q110 
/Å-1 
q200 
/Å-1 
q210 
/Å-1 
q300 
/Å-1 
q220 
/Å-1 a /Å 
Lamellar 
(Lα) 
+ 
Hexagonal 
(H1) 
30 0.148 0.157 
0.258 
N/A 
0.298 
0.316 
N/O 
N/A 
N/O 
0.474 
0.512 
N/A 
43.80  
± 2.74 
39.79  
± 0.05 
40 0.147 0.156 
0.254 
N/A 
0.294 
N/O 
0.389 
N/A 
N/O 
N/O 
0.510 
N/A 
45.53  
± 3.26  
40.3 
N/O: not observed, N/A: not applicable. 
 
1.1.6 C16mimAcr/water system: Hexagonal phase (H1) 
Table A.6: Phase assignment and lattice parameter, a, of the hexagonal phase (H1) for the 
C16mimAcr/water system at 20 °C. 
C16mimAcr/water system: phase assignment and lattice parameter, a 
Phases 
Water 
concentration 
(wt.%) 
q100 /Å-1 q110 /Å-1 q200 /Å-1 q210 /Å-1 a /Å 
Hexagonal 
(H1) 
50 0.135 0.234 0.268 0.357 53.83 ± 0.13 
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1.1.7 C16mimAcr/water system: Discontinuous cubic phase (I1) 
Table A.7: Phase assignment and lattice parameter, a, of the discontinuous cubic phase (I1) for the 
C16mimAcr/water system at 20 °C. 
C16mimAcr/water system: phase assignment and lattice parameter, a 
Phases Discontinuous cubic (I1) 
Water concentration (wt.%) 60 65 
q100 /Å-1 N/A N/A 
q110 /Å-1 N/O N/O 
q200 /Å-1 0.107 0.107 
q210 /Å-1 0.119 0.122 
q211 /Å-1 0.130 0.130 
q220 /Å-1 0.148 0.147 
q300+221 /Å-1 0.158 0.160 
q310 /Å-1 0.168 0.171 
q222 /Å-1 0.185 0.184 
q320 /Å-1 N/O 0.190 
q321 /Å-1 0.198 0.205 
q400 /Å-1 N/O 0.213 
q410 /Å-1 0.218 0.221 
q411+330 /Å-1 N/O 0.226 
q420 /Å-1 N/O 0.240 
a /Å 118.38 ± 0.47 117.41 ± 0.73 
N/O: not observed. 
1.1.8 C16mimAcr/water system: Micellar phase (L1) 
Table A.8: Phase assignment and correlation lengths of pair distribution of micelles, ξc, of the micellar 
phase (L1) for the C16mimAcr/water system at 20 °C.   
C16mimAcr/water system: phase assignment and correlation lengths of micelles ξc 
Phases 
Water 
concentration 
(wt.%) 
qξc /Å-1 ξc / Å 
Micellar 
(L1) 
70 0.112 56.1 
75 0.106 59.3 
80 0.099 63.1 
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1.1.9  C16mimAcr/water/PEGDA systems: Discontinuous cubic 
phase (I1) 
Table A.9: Phase assignment and lattice parameter, a, of the discontinuous cubic phase (I1) for the 
C16mimAcr/water/PEGDA systems at 20 °C. 
C16mimAcr/water/PEGDA systems: phase assignment and lattice parameter, a 
Phases Discontinuous cubic (I1) 
Linker concentration (wt.%) 5 10 20 
q100 /Å-1 N/A N/A N/A 
q110 /Å-1 N/O N/O N/O 
q200 /Å-1 0.113 0.117 0.129 
q210 /Å-1 0.126 0.132 0.144 
q211 /Å-1 0.137 0.143 0.157 
q220 /Å-1 0.16 N/O 0.179 
q300+221 /Å-1 N/O 0.174 N/O 
q310 /Å-1 0.176 0.184 0.205 
q222 /Å-1 0.194 0.204 0.221 
q320 /Å-1 0.202 0.207 0.232 
q321 /Å-1 0.211 0.219 0.240 
q400 /Å-1 N/O 0.231 0.264 
q410 /Å-1 N/O N/O 0.268 
q411+330 /Å-1 N/O N/O 0.273 
q420 /Å-1 N/O N/O 0.286 
q332 /Å-1 N/O N/O 0.302 
q422 /Å-1 N/O N/O 0.316 
q510+431 /Å-1 N/O N/O 0.328 
a /Å 111.94 ± 0.42 108.08 ± 0.67 97.48 ± 0.42 
N/O: not observed, N/A: not applicable. 
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1.1.10 C16mimAcr/water/linkers systems: Discontinuous cubic phase 
(I1) 
Table A.10: Phase assignment and lattice parameter, a, of the discontinuous cubic phase (I1) for the 
C16mimAcr/water/linkers systems at 20 °C. 
C16mimAcr/water/linkers system: phase assignment and lattice parameter, a 
Phases Discontinuous cubic (I1) 
Linker type PEGDMA HEA 
Linker concentration (wt.%) 20 20 
q100 /Å-1 N/A N/A 
q110 /Å-1 0.091 0.093 
q200 /Å-1 0.123 0.132 
q210 /Å-1 0.145 0.147 
q211 /Å-1 0.158 0.160 
q220 /Å-1 0.179 0.184 
q300+221 /Å-1 0.190 0.197 
q310 /Å-1 0.198 0.208 
q222 /Å-1 0.213 0.226 
q320 /Å-1 0.224 0.237 
q321 /Å-1 0.237 0.245 
q400 /Å-1 0.249 0.264 
q410 /Å-1 0.265 0.273 
q411+330 /Å-1 0.265 0.279 
q331 /Å-1 N/O 0.287 
q420 /Å-1 N/O 0.297 
a /Å 100.37 ± 0.70 95.38 ± 0.28 
N/O: not observed, N/A: not applicable. 
1.1.11 C16mimAcr/water/linkers systems: Hexagonal phase (H1) 
Table A.11: Phase assignment and lattice parameter, a, of the hexagonal phase (H1) for the 
C16mimAcr/water/linkers systems at 20 °C. 
C16mimAcr/water/linkers system: phase assignment and lattice parameter, a 
Phases Hexagonal (H1) 
Linker type HEMA HEMA/PEGDMA 
Linker concentration (wt.%) 20 19/1 15/5 10/10 
q100 /Å-1 0.156 0.156 0.157 0.153 
q110 /Å-1 0.270 0.271 0.273 0.266 
q200 /Å-1 0.310 0.311 0.315 N/O 
q210 /Å-1 0.41 N/O N/O N/O 
a /Å 46.79 ± 0.08 46.55 ± 0.19 46.06 ± 0.05 47.26 ± 0.11 
N/O: not observed. 
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1.1.12 C16mimAcr/water/PEGDA/cyclohexane systems: 
Discontinuous cubic phase (I1 or I2) 
Table A.12: Phase assignment and lattice parameter, a, of the discontinuous cubic phase (I1 or I2) for the 
C16mimAcr/water/PEGDA/cyclohexane systems at 20 °C. 
C16mimAcr/water/PEGDA/cyclohexane systems: phase assignment and lattice 
parameter, a 
Phases Discontinuous cubic (I1) 
Biphasic system Discontinuous cubic (I2) 
Cyclohexane concentration 
(wt.%) 6.3 10 20 
q100 /Å-1 N/A N/A N/A 
q110 /Å-1 N/O 0.075 N/A 
q111 /Å-1 N/A 0.051 0.054 
q200 /Å-1 0.122 0.103 N/A 
q210 /Å-1 0.137 0.114 N/A 
q211 /Å-1 0.148 0.126 N/A 
q220 /Å-1 0.172 0.145/0.085 0.097 
q300+221 /Å-1 0.181 N/O N/A 
q310 /Å-1 0.192 0.163 N/A 
q222 /Å-1 0.210 N/O N/O 
q320 /Å-1 0.218 0.187 N/A 
q321 /Å-1 0.226 0.195 N/A 
q400 /Å-1 0.244 0.208 0.124 
q410 /Å-1 0.250 N/O N/A 
q411+330 /Å-1 0.258 0.217 N/A 
q331 /Å-1 N/O 0.226 N/O 
q421 /Å-1 0.281 0.235 N/A 
q332 /Å-1 0.289 N/O N/A 
q520+432 /Å-1 0.328 N/O N/A 
q521 /Å-1 N/O 0.281 N/A 
a /Å 103.09 ± 0.33 121.98 ± 0.46/ ? 201.54 ± 2.77 
N/O: not observed, N/A: not applicable. 
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1.1.13 C16mimAcr/water/PEGDA/octane systems: Discontinuous 
cubic phase (I1 or I2) 
Table A.13: Phase assignment and lattice parameter, a, of the discontinuous cubic phase (I1 or I2) for the 
C16mimAcr/water/PEGDA/octane systems at 20 °C. 
C16mimAcr/water/PEGDA/octane systems: phase assignment and lattice 
parameter, a 
Phases Discontinuous cubic (I1) 
Discontinuous cubic (I2) 
Octane concentration (wt.%) 6.3 10 20 
q100 /Å-1 N/A N/A N/A 
q110 /Å-1 0.077 N/A N/A 
q111 /Å-1 N/A 0.057 0.056 
q200 /Å-1 0.109 N/A N/A 
q210 /Å-1 0.121 N/A N/A 
q211 /Å-1 0.132 N/A N/A 
q220 /Å-1 0.153 0.096 0.093 
q310 /Å-1 0.171 N/A N/A 
q311 /Å-1 N/A 0.111 0.106 
q222 /Å-1 0.187 0.116 0.111 
q410 /Å-1 0.223 N/A N/A 
q411+330 /Å-1 0.232 N/A N/A 
q421 /Å-1 0.249 N/A N/A 
q511+333 /Å-1 N/O 0.173 N/O 
q531 /Å-1 N/O 0.198 0.192 
q442 /Å-1 N/O 0.200 0.195 
q620 /Å-1 N/O 0.211 0.213 
a /Å 115.74 ± 0.36 188.20 ± 0.43 194.47 ± 1.00 
N/O: not observed, N/A: not applicable. 
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1.1.14 C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems: 
Hexagonal phase (H1) 
Table A.14: Phase assignment and lattice parameter, a, of the hexagonal phase (H1) for the 
C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems at 20 °C. 
C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems: phase assignment and lattice 
parameter, a 
Phases Hexagonal (H1) Biphasic system 
Cyclohexane concentration 
(wt.%) 6.3 10 20 
q100 /Å-1 0.155 0.155 0.133 
q110 /Å-1 0.270 0.270 0.195 
q200 /Å-1 0.312 0.310 0.221 
q210 /Å-1 0.409 0.409 0.296 
a /Å 46.79 ± 0.22 46.86 ± 0.15 64.96 ± 0.45 
 
1.1.15 C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems: 
Discontinuous cubic phase (I1) 
Table A.15: Phase assignment and lattice parameter, a, of the discontinuous cubic phase (I1) for the 
C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems at 20 °C. 
C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems: phase 
assignment and lattice parameter, a 
Phases Discontinuous cubic (I1) 
Cyclohexane concentration 
(wt.%) 25 30 
q100 /Å-1 N/A N/A 
q110 /Å-1 0.043 0.043 
q211 /Å-1 0.074 0.074 
q220 /Å-1 0.085 0.085 
q310 /Å-1 0.096 0.096 
q222 /Å-1 N/O 0.106 
q541 /Å-1 0.195 N/O 
q510+431/Å-1 N/O 0.153 
q521 /Å-1 N/O 0.166 
q750 /Å-1 0.262 0.260 
q932 /Å-1 0.294 N/O 
a /Å 207.07 ± 0.61 207.89 ± 0.50 
N/O: not observed, N/A: not applicable. 
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1.1.16 C16mimAcr/water/HEMA/PEGDMA/octane system: 
Hexagonal phase (H1) 
Table A.16: Phase assignment and lattice parameter, a, of the hexagonal phase (H1) for the 
C16mimAcr/water/HEMA/PEGDMA/octane systems at 20 °C. 
C16mimAcr/water/HEMA/PEGDMA/octane system: phase assignment and lattice 
parameter, a 
Phases Hexagonal (H1) 
Octane concentration (wt.%) 6.3 
q100 /Å-1 0.138 
q110 /Å-1 0.239 
q200 /Å-1 0.276 
q210 /Å-1 0.367 
a /Å 52.40 ± 0.15 
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1.1.17 C16mimAcr/water/HEMA/PEGDMA/octane systems: 
Discontinuous cubic phase (I1 or I2) 
Table A.17: Phase assignment and lattice parameter, a, of the discontinuous cubic phase (I1 or I2) for the 
C16mimAcr/water/HEMA/PEGDMA/octane systems at 20 °C. 
C16mimAcr/water/HEMA/PEGDMA/octane systems: phase assignment and 
lattice parameter, a 
Phases Biphasic system Discontinuous cubic (I2) 
Octane concentration (wt.%) 10 20 25 
q100 /Å-1 N/A N/A N/A 
q110 /Å-1 0.071 N/A N/A 
q111 /Å-1 0.055 0.053 0.053 
q200 /Å-1 0.101 N/A N/A 
q210 /Å-1 0.113 N/A N/A 
q211 /Å-1 0.122 N/A N/A 
q220 /Å-1 N/O 0.087 0.088 
q310 /Å-1 0.160 N/A N/A 
q311 /Å-1 N/O 0.101 0.101 
q222 /Å-1 0.174 0.106 0.106 
q320 /Å-1 0.181 N/A N/A 
q321 /Å-1 0.189 N/A N/A 
q400 /Å-1 0.203 0.122 N/O 
q411+330 /Å-1 0.213 N/A N/A 
q331 /Å-1 N/O 0.132 0.132 
q420 /Å-1 0.226 N/A N/A 
q511+333 /Å-1 N/O 0.158 N/O 
q520+432 /Å-1 0.271 N/A N/A 
q440 /Å-1 N/O 0.171 N/O 
q531 /Å-1 N/O 0.179 0.181 
q600 /Å-1 N/O 0.182 N/O 
a /Å 124.68 ± 0.27 207.20 ± 0.44 205.68 ± 1.05 
N/O: not observed, N/A: not applicable. 
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1.1.18 C16mimAcr/water/HEMA/PEGDMA/dodecane systems: 
Discontinuous cubic phase (I2) 
Table A.18: Phase assignment and lattice parameter, a, of the discontinuous cubic phase (I2) for the 
C16mimAcr/water/HEMA/PEGDMA/dodecane systems at 20 °C. 
C16mimAcr/water/HEMA/PEGDMA/dodecane systems: phase assignment and 
lattice parameter, a 
Phases Discontinuous cubic (I2) 
Dodecane concentration (wt.%) 10 20 
q100 /Å-1 N/A N/A 
q110 /Å-1 N/A N/A 
q111 /Å-1 0.059 0.059 
q200 /Å-1 N/A N/A 
q210 /Å-1 N/A N/A 
q211 /Å-1 N/A N/A 
q220 /Å-1 0.098 0.098 
q310 /Å-1 N/A N/A 
q311 /Å-1 0.114 0.113 
q222 /Å-1 0.119 0.119 
q320 /Å-1 N/A N/A 
q321 /Å-1 N/A N/A 
q411+330 /Å-1 N/A N/A 
q331 /Å-1 0.148 0.147 
q420 /Å-1 N/A N/A 
q422 /Å-1 0.166 N/O 
q511+333 /Å-1 N/O 0.176 
q520+432 /Å-1 N/A N/A 
q531 /Å-1 N/O 0.202 
q600 /Å-1 0.205 N/O 
q533 /Å-1 N/O 0.223 
a /Å 184.23 ± 0.76 185.41 ± 0.80 
N/O: not observed, N/A: not applicable. 
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1.2  Phase assignments: post-polymerization 
1.2.1 C16mimAcr/water/PEGDA/cyclohexane systems: Lamellar 
phase (Lα) 
Table A.19: Phase assignment and lattice parameter, a, of the lamellar phase (Lα) for the 
C16mimAcr/water/PEGDA/cyclohexane system. 
C16mimAcr/water/PEGDA/cyclohexane systems: phase assignment and lattice 
parameter, a 
Phases Linker type 
Cyclohexane 
concentration 
(wt.%) 
q100 /Å-1 q200 /Å-1 q300 /Å-1 a /Å 
Lamellar 
(Lα) 
Cyclohexane 
0 0.165 0.190 
0.329 
0.386 
N/O 
N/O 
38.17 ± 0.05 
32.62 ± 0.22 
6.3 0.166 0.187 
N/O 
0.383 
N/O 
N/O 
37.8 
32.97 ± 0.31 
10 0.166 0.185 
0.344 
0.376 
N/O 
0.561 
36.79 ± 0.52 
33.57 ± 0.09 
20 0.171 0.185 
N/O 
0.372 
N/O 
0.555 
36.7 
33.91 ± 0.06 
N/O: not observed. 
1.2.2 C16mimAcr/water/PEGDA/octane systems: Lamellar phase 
(Lα) 
Table A.20: Phase assignment and lattice parameter, a, of the lamellar phase (Lα) for the 
C16mimAcr/water/PEGDA/octane system. 
C16mimAcr/water/PEGDA/octane systems: phase assignment and lattice parameter, a 
Phases Linker type 
Octane 
concentration 
(wt.%) 
q100 /Å-1 q200 /Å-1 q300 /Å-1 a /Å 
Lamellar 
(Lα) 
Octane 
0 0.165 0.190 
0.329 
0.386 
N/O 
N/O 
38.17 ± 0.05 
32.62 ± 0.22 
6.3 0.167 0.188 
N/O 
0.386 
N/O 
N/O 
37.6 
32.72 ± 0.34 
10 0.168 0.185 
N/O 
0.380 
N/O 
N/O 
37.6 
33.21 ± 0.37 
20 0.169 0.190 
N/O 
0.386 
N/O 
N/O 
37.2 
32.66 ± 0.20 
N/O: not observed. 
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1.2.3 C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems: 
Lamellar phase (Lα) 
Table A.21: Phase assignment and lattice parameter, a, of the lamellar phase (Lα) for the 
C16mimAcr/water/HEMA/PEGDMA/cyclohexane system. 
C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems: phase assignment and 
lattice parameter, a 
Phases Linker type 
Cyclohexane 
concentration 
(wt.%) 
q100 /Å-1 q200 /Å-1 q300 /Å-1 a /Å 
Lamellar 
(Lα) 
Cyclohexane 
0 0.174 0.191 
N/O 
0.385 
N/O 
N/O 
36.1 
32.69 ± 0.10 
6.3 0.171 0.190 
N/O 
0.383 
N/O 
N/O 
36.7 
32.86 ± 0.10 
10 0.171 0.190 
N/O 
0.383 
N/O 
N/O 
36.7 
32.86 ± 0.10 
20 0.168 0.189 
0.331 
0.383 
N/O 
N/O 
37.85 ± 023 
32.90 ± 0.17 
N/O: not observed. 
1.2.4 C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems: 
Discontinuous cubic phase (I1) 
Table A.22: Phase assignment and lattice parameter, a, of the discontinuous cubic phase (I1) for the 
C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems. 
C16mimAcr/water/HEMA/PEGDMA/cyclohexane systems: phase assignment and lattice 
parameter, a 
Phases Discontinuous cubic (I1) 
Cyclohexane concentration (wt.%) 25 25 (Dried) 30 
q100 /Å-1 N/A N/A N/A 
q110 /Å-1 0.109 0.109 0.108 
q200 /Å-1 0.153 N/O 0.153 
q210 /Å-1 0.174 0.174 0.174 
q211 /Å-1 0.185 0.185 0.185 
q220 /Å-1 0.219 0.215 0.213 
q310 /Å-1 0.245 0.245 N/O 
q400 /Å-1 N/O 0.315 N/O 
q411+330 /Å-1 N/O 0.328 N/O 
q420 /Å-1 N/O 0.341 N/O 
q422 /Å-1 0.378 0.377 0.378 
q521 /Å-1 N/O 0.419 N/O 
q440 /Å-1 N/O 0.438 N/O 
q642 /Å-1 N/O 0.555 N/O 
a /Å 81.44 ± 0.34 81.59 ± 0.32 81.68 ± 0.60 
N/O: not observed, N/A: not applicable. 
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1.2.5 C16mimAcr/water/HEMA/PEGDMA/octane systems: 
Lamellar phase (Lα) 
Table A.23: Phase assignment and lattice parameter, a, of the lamellar phase (Lα) for the 
C16mimAcr/water/HEMA/PEGDMA/octane system. 
C16mimAcr/water/HEMA/PEGDMA/octane systems: phase assignment and lattice 
parameter, a 
Phases Linker type 
Octane 
concentration 
(wt.%) 
q100 /Å-1 q200 /Å-1 q300 /Å-1 a /Å 
Lamellar 
(Lα) 
Octane 
0 0.174 0.191 
N/O 
0.385 
N/O 
N/O 
36.1 
32.69 ± 0.10 
6.3 0.166 0.188 
N/O 
0.379 
N/O 
N/O 
37.8 
33.21 ± 0.10 
10 0.171 0.184 
N/O 
0.370 
N/O 
0.550 
36.7 
34.17 ± 0.10 
20 0.160 0.187 
N/O 
0.377 
N/O 
N/O 
39.3 
33.39 ± 0.11 
N/O: not observed. 
1.2.6 C16mimAcr/water/HEMA/PEGDMA/dodecane systems: 
Lamellar phase (Lα) 
Table A.24: Phase assignment and lattice parameter, a, of the lamellar phase (Lα) for the 
C16mimAcr/water/HEMA/PEGDMA/dodecane system. 
C16mimAcr/water/HEMA/PEGDMA/dodecane systems: phase assignment and lattice 
parameter, a 
Phases Linker type 
Dodecane 
concentration 
(wt.%) 
q100 /Å-1 q200 /Å-1 q300 /Å-1 a /Å 
Lamellar 
(Lα) 
Dodecane 
0 0.174 0.191 
N/O 
0.385 
N/O 
N/O 
36.1 
32.69 ± 0.10 
10 0.166 0.187 
N/O 
0.375 
N/O 
0.558 
37.8 
33.69 ± 0.09 
20 (Dried) 0.163 0.185 
0.317 
0.372 
N/O 
0.550 
39.42 ± 0.44 
34.11 ± 0.16 
N/O: not observed. 
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Characterization of the phase behaviour of a
novel polymerizable lyotropic ionic liquid crystal†
Nicolas Goujon,a Maria Forsyth,ab Ludovic F. Dume´e,a Gary Bryantc and
Nolene Byrne*a
The development of new polymerizable lyotropic liquid crystals (LLCs) utilizing charged amphiphilic
molecules such as those based on long chain imidazolium compounds, is a relatively new design
direction for producing robust membranes with controllable nano-structures. Here we have developed a
novel polymerizable ionic liquid based LLC, 1-hexadecyl-3-methylimidazolium acrylate (C16mimAcr),
where the acrylate anion acts as the polymerizable moiety. The phase behaviour of the C16mimAcr upon
the addition of water was characterized using small and wide angle X-ray scatterings, diﬀerential
scanning calorimetry and polarized optical microscopy. We compare the phase behaviour of this new
polymerizable LLC to that of the well known LLC chloride analogue, 1-hexadecyl-3-methylimidazolium
chloride (C16mimCl). We find that the C16mimAcr system has a more complex phase behaviour
compared to the C16mimCl system. Additional lyotropic liquid crystalline mesophases such as hexagonal
phase (H1) and discontinuous cubic phase (I1) are observed at 20 1C for the acrylate system at 50 and
65 wt% water respectively. The appearance of the hexagonal phase (H1) and discontinuous cubic phase (I1)
for the acrylate system is likely due to the strong hydrating nature of the acrylate anion, which increases
the head group area. The formation of these additional mesophases seen for the acrylate system,
especially the hexagonal phase (H1), coupled with the polymerization functionality oﬀers great potential in
the design of advanced membrane materials with selective and anisotropic transport properties.
Introduction
Lyotropic liquid crystals (LLCs) have attracted a great deal of
interest in recent years due to their potential application in
drug delivery, energy devices, membrane separations and as
templating substrates.1–5 Lyotropic liquid crystalline phases are
formed by the spontaneous self-assembly of amphiphilic molecules
with the addition of a co-solvent, typically water, alcohol or
glycerol.6–10 A wide variety of mesophases exist including lamellar,
hexagonal (normal & inverted), discontinuous cubic (Im3m, Fm3m,
Pm3n, Fd3m) and bicontinuous cubic (Im3n, Pn3m, Ia3d).9,11–14
These architectures display exceptional properties such as bimodal
pore size distribution (i.e. discontinuous cubic phase) or aniso-
tropic transport properties (i.e. hexagonal phase), making them
excellent candidates for the development of advanced nanoporous
materials.2,15
Among the large diversity of LLC molecules already reported
in the literature, one of the most important classes is charged
surfactants.13,16–20 This class has been intensely studied due to
the ease of tailoring the surfactant chemistry (including anion
type, cation type or alkyl chain length) to target specific
application needs. Imidazolium based ionic liquids bearing
long alkyl chains (i.e. carbon number larger than 8) belong to
the charged surfactant class of materials and have shown
typical LLC behaviour upon addition of a co-solvent and as a
function of temperature.19,21–24
A major drawback in the use of LLCs for the design of well-
defined nanostructured systems for targeted material applications,
such asmembrane separation, is the poormechanical properties of
the LLC, which is strongly related to the nanostructure stability
and orientation. Since most LLC systems reported typically have
a gel-like physical state they therefore do not meet the mechanical
requirements of many material applications.25 Additionally, the
mesophases formed by these LLC systems are extremely sensitive to
the co-solvent concentrations as well as temperature, making these
materials again not sustainable for many applications where
extreme conditions are used.25,26 A solution to this lies in the
development of photo-polymerized LLC system whereby long range
order could be maintained after UV-exposure. Successful photo-
polymerization of traditional LLC/water systems has already been
a Institute for Frontier Materials, Deakin University, Waurn Ponds, Victoria 3216,
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reported using diﬀerent crosslinking polymers, resulting in highly
ordered porous polymers.3,27–30 The nanostructure observed in
these polymers is significantly impacted by the type of mesophase
formed by the LLC systems.27 In this approach, LLC systems are
used as a structure template and then they are removed post-
polymerization, leading to the formation of nanoscale porosity.
However, this approach is not favoured for the design of nano-
structured and advanced materials, where the LLC system is only
used as a scaffold for the incorporation of host molecules or
particles and not as a structure template for the design of highly
ordered porous polymers.3,31,32 A viable solution to this problem is
to covalently bond the amphiphilic molecules with the crosslinking
polymer in order to make the nanostructure formed by the LLC
system part of the resulting nanostructured polymer.2,25,31,32
More recently, a lot of attention in the area of LLC design and
characterization has focused on the conception of LLCs with
polymerizable moieties.4,18,31–33 The design of polymerizable
LLCs can be achieved by utilizing a reactive amphiphilic mole-
cule, and it is conceivable that the class of charged surfactants,
i.e. ionic liquid based, could be utilized in the development of
new polymerizable LLCs by the incorporation of a polymerizable
moiety. The ease of tailoring the chemistry of imidazolium based
ionic liquids makes them an excellent candidate for the incor-
poration of polymerizable moieties.2,18,31,32,34
A greater knowledge of the impact of the type of polymerizable
moieties incorporated, as well as their locations on the amphiphilic
molecule, on the formation of liquid crystalline phase is still
required for the development of advanced nanostructuredmaterials.
Here we have developed a novel polymerizable ionic liquid based
LLC, 1-hexadecyl-3-methylimidazolium acrylate (C16mimAcr), where
the acrylate anion acts as a polymerizable moiety. Using a combi-
nation of small and wide angle X-ray scatterings (SAXS and WAXS),
polarized optical microscopy (POM) as well as diﬀerential scanning
calorimetry (DSC) techniques, the phase behaviour and the phase
transition temperature of the C16mimAcr were characterized as a
function of water content. These results have been compared with
the well known chloride analogue, 1-hexadecyl-3-methylimidazolium
chloride (C16mimCl) in order to understand the impact of the
incorporation of the polymerizable moiety (i.e. acrylate anion) on
the formation of the liquid crystalline phase. Finally, the binary
aqueous phase diagrams of the C16mimAcr and C16mimCl at 20 1C
are presented and compared. This study aims to give highlights on
the design of a polymerizable ionic liquid based LLC and more
importantly on the impact of a polymerizable moiety on the phase
behaviour and phase transition temperature as a function of water
content. A better understanding of these eﬀects is still required for
the development of more eﬃcient advanced nanostructured materi-
als with targeted nanostructure and transport properties.
Experimental
Chemicals and materials
1-Methylimidazole (99%), acrylic acid (99%) and Amberlyst-26 OH
form were purchased from Sigma-Aldrich and used as received.
1-Chlorohexadecane (97%) was purchased from Alfa Aesar and
used as received. 1.5 mm outer diameter special glass 10 capillaries
were purchased from Hampton Research Corporation.
Ionic liquid synthesis
1-Hexadecyl-3-methyl-imidazolium chloride (C16mimCl).
1-Hexadecyl-3-methyl-imidazolium chloride (C16mimCl) was synthe-
sized according to the following procedure. In a 250 mL round
bottom flask equipped with a reflux condenser, 1-methylimidazole
(11.96 g, 0.1458 mol) and 1-chlorohexadecane (43.13 g, 0.160 mol)
were added simultaneously. Then, the mixture was stirred at 80 1C
for 72 hours under a nitrogen atmosphere resulting in a slightly
yellow solid. Then, the product has been purified by recrystallization
in ethyl acetate, two times. Finally, the pure C16mimCl was dried
under high vacuum for several hours, resulting in a white powder
product.
1H-NMR (500 MHz; DMSO-d6, ppm): 9.49 (s, 1H), 7.86
(s, 1H), 7.80 (s, 1H), 4.18 (t, 2H), 3.87 (s, 3H), 1.75 (m, 2H),
1.20 (m, 26H), 0.82 (t, 3H).
1-Hexadecyl-3-methylimidazolium acrylate (C16mimAcr). Firstly,
300 g of ion exchange resin (Amberlyst-26 OH form) was loaded
with the desired acrylate anion using a 10 wt% acrylic acid solution
(1000 ml). The resin was then washed with an abundant amount of
Milli-Q water in order to remove the unreacted acrylic acid residue.
30.03 g of 1-hexadecyl-3-methyl-imidazolium chloride was dissolved
in 100 ml of Milli-Q water and the aqueous solution of ionic liquid
was flushed through the column 10 times. The acrylate based ionic
liquid was concentrated and dried under high vacuum resulting
in a slightly gel-like material. Then, the product was purified by
recrystallization in ethyl acetate, two times. Finally, the pure
C16mimAcr was dried under high vacuum for several hours,
resulting in a white powder product.
1H-NMR (500 MHz; DMSO-d6, ppm): 9.71 (s, 1H), 7.84
(s, 1H), 7.77 (s, 1H), 5.97–5.92 (dd, 1H), 5.69–5.66 (dd, 1H),
5.13–5.10 (dd, 1H), 4.17 (t, 2H), 3.87 (s, 3H), 1.75 (m, 2H), 1.21
(m, 26H), 0.82 (t, 3H).
Lyotropic liquid crystalline phase preparation
The lyotropic liquid crystalline phases were prepared by weigh-
ing the appropriate amounts of ionic liquid and Milli-Q water.
The samples were then sonicated for several hours as well as
gently heated and mixed using a vortex agitator.
SAXS and WAXS
Small-angle-X-ray scattering (SAXS) and Wide-angle-X-ray scat-
tering (WAXS) measurements were recorded with a microcalix
SAXS system (Bruker) using Cu Ka radiation (50 KV, 10 mA).
The samples were placed into a 1.5 mm outer diameter capillary
(special glass #10) and then the capillary were sealed with an
epoxy resin. Measurements were carried out under vacuum at
20 1C with exposure times of 600 seconds. The program Fit2D
was used to extract the 1D-SAXS profile (i.e. intensity vs.
scattering vector, q = (4p sin y)/l), both presented in logarithmic
scale. The spectra were not corrected with the scattering of an
empty capillary since the background subtraction produced
negative data. Therefore, the broad peak observed at 0.4 Å1
is due the kapton windows of the instrument.
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DSC
Diﬀerential scanning calorimetry (TA Instrument-Q200) was used
to determine the phase transitions of the diﬀerent systems. The
samples were accurately weighted into a standard aluminium pans.
The weigh of the pans containing the sample weremeasured before
and after the DSCmeasurement to determine eventual weight loss,
which was attributed to water loss.
For the ionic liquid/water mixtures, the samples were heated
from 203.15 K to 353.15 K and then cooled down from 353.15 K
to 203.15 K at a rate of 10 K min1. For the pure ionic liquid,
although a similar heating/cooling sequence was used, the
sample was heated up to 423.15 K.
POM
The textures of lyotropic liquid crystalline phases were obtained
by a polarized optical microscope (Nikon Eclipse 80i), equipped
with a heating stage (Linkam Scientific LTS350) and a charge-
coupled device camera (Nikon DS-U1). The POM images were
acquired under crossed polarizers and using a 1/4 lambda
plate. The use of the 1/4 lambda plate has the consequence
of altering the polarization state of the light, resulting in the
appearance of green colour instead of black for isotropic
sample.
Results and discussion
DSC
C16mimCl/water system. Fig. 1a shows the DSC profiles of
C16mimCl as a function of water content. The lowest water
content measured here is 4.8 wt% since the complete removal
of water from this systemwas very diﬃcult. A single endothermic
transition is observed at 69.4 1C, this transition represents the
crystal-mesophase transition.35,36 As more water is added to the
system, multiple endothermic transitions are observed indicating
the melting of various crystal phases into a SmA2 phase,‡ each with
slightly diﬀerent hydration levels. The complex endothermic events
observed between 10 1C and 50 1C for the sample containing
20 wt% water (green curve, Fig. 1a) simplifies significantly into a
single endothermic event observed at 22 1C for the sample with
30 wt% water. At 30 wt% water content, the physical state of the
Fig. 1 DSC heating profiles of the C16mimCl (a) and C16mimAcr (b) as a function of increasing water content (bottom to top), 4.8 or 4.9, 10, 20, 30, 40,
50, 60, 65 and 70 wt% water. Repeated scans of the C16mimCl at 4.8 wt% water (c) and C16mimAcr at 4.9 wt% water (d): 1st scan (black), 2nd scan (red),
3rd scan (blue) and 4th scan (cyan). (from 70 1C to 150 1C, 10 1C min1 heating rate, 10 1C min1 cooling rate).
‡ The terminology ‘‘smectic phase (SmA2)’’ used in this manuscript refers to an
interdigitated lamellar conformation.
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sample changes from a waxy-like material to a gel. As such the
endothermic peak now represents a lamellar gel phase to
micellar phase transformation26 as previously suggested by Wu
et al. At higher water contents (i.e. 65 wt% and 70 wt% water) the
endothermic event, which appears at 15 1C, represents melting
into a liquid phase. The endothermic transition at 0 1C present
from 30 wt% water represents a lamellar crystalline to a lamellar
gel phase transformation, as suggested by Wu et al.,26 which
becomes sharper as the water content is increased.
As previously stated, drying the C16mimCl to lower than
4.8 wt% water was very diﬃcult, therefore repeated DSC scans
of C16mimCl containing initially 4.8 wt% water were per-
formed, Fig. 1c. With each scan the water is being removed
from the system, as verified by a weight loss measurement.
Approximately, 1.28 wt% lost is observed after the DSC
measurement. As can be seen, the C16mimCl at 4.8 wt% water
exhibits only one endothermic transition at 69.4 1C representing
the crystal-mesophase transition of the hydrated crystal phase.35,36
With subsequent scans the appearance of a second endothermic
transition at 51.4 1C is observed, suggesting that the system has
segregated into two distinct crystal phases with diﬀerent water
contents.
C16mimAcr/water system. Fig. 1b shows the DSC profiles of
the C16mimAcr as a function of water content. The lowest
water content measured here is 4.9 wt% (again complete
removal of water from this system was very diﬃcult). A broad
endothermic event at 45 1C is observed likely representing a
crystal-mesophase transition. This endothermic transition
has a clear higher temperature shoulder present, which repre-
sents the melting of multiple crystal phases into a SmA2 phase
with diﬀerent hydration levels. Similar to the observations
with C16mimCl, as water is added multiple crystal phases
become present, however the width of the endothermic peak
is narrower in the acrylate system compared with the chloride
system suggesting a more homogenous dispersion of phases.
At 30 wt% water (pink curve, Fig. 1b) the system is a gel at
room temperature similar to the C16mimCl. A notable diﬀer-
ence between the acrylate and the chloride system is that, with
water increasing to the highest water content measured here,
the dominance of one endothermic peak is observed (as
opposed to two in the 70 wt% water in the C16mimCl system),
this suggests that water is more evenly incorporated into the
system.
Again repeat DSC scans were performed on the lowest water
content sample for the acrylate system and shown in Fig. 1d.
Here the crystal-mesophase transition was lowered by 7 1C with
a single and clearly sharper endothermic transition being
observed as a result of the multiple scans, approximately
Fig. 2 SAXS integrated patterns of the C16mimCl as a function of water content as well as the schematic representation of the phase present. Blue
sphere represents the imidazolium ring, anion and the water molecules, while black line represents the alkyl chain. The symbol ‘‘+’’ indicates the
coexistence of two phases. While ‘‘or’’ implies one phase or the other.
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2.75 wt% water is lost. Again, this suggests a better incorpora-
tion of the water into the acrylate based system when compared
to the chloride system, likely due to the diﬀerence in the
geometry and the hydrogen bond abilities of the two anions.
SAXS and WAXS
C16mimCl/water system. Fig. 2 shows the complete SAXS
profiles of C16mimCl as a function of water content highlight-
ing the phase changes as well as a schematic representation of
the phase present. The structure of the C16mimCl with 4.8 wt%
water is identified as a lamellar phase (La) with the first
diﬀraction peak appearing at q = 0.111 Å1, corresponding to
a repeat distance d = 2p/q = 56.5 Å. This d value corresponds to
approximately twice the molecular length of the fully extended
cation (i.e. B50 Å in absence of the chloride anion).26 In
practice the repeat distance is equal to the thickness of the
bilayer plus the thickness of the water layer, so at 4.8 wt%
water, the water layer will be a small fraction of this distance.
The formation of this extended bilayer (i.e. alkyl chains are
packed end to end) has been previously observed by Bradley
et al. and Doward et al. for this system.35,36 As the water content
increases to 10 wt%, the water now forms a substantial layer
between the bilayers, but the repeat distance is reduced signifi-
cantly to 26.2 Å. This can only occur if the extended bilayer
conformation disappears and the system adopts an interdigi-
tated bilayer conformation.35,36 As the water content increased
from 10 wt% to 30 wt%. this repeat distance d increases from
26.2 Å to 40.1 Å. Additionally, for the 10 wt% and 20 wt% water
samples, the SAXS profiles show an extra low q peak, which may
correspond to an additional lamellar phase in an interdigitated
bilayer conformation for each concentration.
As the water increases from 40 wt% water to 60 wt% water, a
biphasic system is observed, as suggested by the appearance of
an extra broad diﬀraction peak centred at q = B0.11 Å1
(Fig. 2). This diﬀraction peak corresponds to an inter-micelle
interference peak, indicating the correlation lengths of pair
distribution functions of micelles, xc = 57 Å (i.e. q = 2p/xc).
20,26
The coexistence of the lamellar phase and the micellar phase
(L1) is observed up to 60 wt% water, beyond this, i.e. 70 wt%
water, only a micellar phase is observed. Interestingly, a phase
separation occurs for the C16mimCl containing 60 wt% water,
resulting in the formation of a gel phase and a liquid phase
Fig. 3 WAXS integrated patterns of the C16mimCl as a function of water content: , , , wt% water (a) , , , , wt% water (b),
, and wt% water (c).
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(see Fig. 2). The SAXS pattern of the gel phase suggests the
coexistence of the lamellar phase and the micellar phase, while
the liquid phase corresponds only to a micellar phase.
The nature of the physical states and changes from crystal-
line to gel-like or fluid were assessed by WAXS. The WAXS
profiles of the C16mimCl as a function of water concentration
are shown in Fig. 3. Fig. 3a shows the samples with 4.8 wt% to
30 wt% water. As expected the sample with low water is a highly
ordered well packed crystal.10,26,37 This configuration remains
with water loading up to 20 wt%. At 20 wt% the system start to
undergo a crystal-mesophase transition at 20 1C as suggested by
the DSC data. At 30 wt% water, the WAXS profile changes
drastically as does the physical state of the sample, going from
a solid to a gel, with the spectra showing only a single peak
observed at q = 1.51 Å1 corresponding to a repeat distance
d = 4.1 Å. This peak represents the carbon–carbon packing of
the alkyl chains; it can be seen that as water content is
increased, Fig. 3b, this peak intensifies and becomes sharper,
indicating a better packing of the alkyl chains in these gel-like
materials. At water concentrations above 50 wt% the peak
intensity gradually disappears and the presence of a more
diffuse peak centred at q = B1.46 Å1 is observed as shown
in Fig. 3c. This reflects a looser packing of the alkyl chains,
characteristic of a fluid state.10,26,37
All the peak assignments as well as the lattice parameter, a,
for the C16mimCl/water system are listed in ESI.†
C16mimAcr/water system. Fig. 4 shows the complete SAXS
profiles of the C16mimAcr as a function of water content high-
lighting the phase changes as well as a schematic representation
of the phase present. The SAXS profile of the sample containing
4.9 wt% water suggests that two main lamellar phases can be
identified La1 and La2 representing a relatively ‘‘dry’’ and wet
phase where La1, q1(100) = 0.225 Å
1, corresponding to a repeat
distance d = 2p/q = 34.2 Å and La2, q1(100) = 0.183 Å
1 corre-
sponding to a repeat distance d = 2p/q = 27.9 Å. The repeat
distance of the two lamellar phases suggests the formation of an
interdigitated bilayer configuration. For the samples containing
between 10 wt% and 20 wt% water, the SAXS profile shows
multiple lamellar phases in an interdigitated bilayer structure
with a gradual increase in the d spacing, likely due to an increase
of the water layer thickness.
A change from lamellar to hexagonal phase (H1) is observed
with increasing water content for samples containing 30 wt%
and 40 wt% water, however, both lamellar and hexagonal phases
are present. The repeat distance d for the lamellar phase and
hexagonal phase are approximately 40.0 Å and 42.4 Å respectively.
For the sample containing 50 wt% water, only the hexagonal phase
is observed, showing a characteristic hexagonal pattern: q1(100) :
q2(110) :q3(200) :q4(210) = 1 :O3 :O4 :O7 (Fig. 4). The d spacing for
the 50 wt% hexagonal phase has increased to 46.5 Å indicating a
looser packing of the micellar cylinders.9
At around 60–65 wt% water, the formation of a discontin-
uous cubic phase (I1) is observed, as evidenced by the SAXS
profiles in Fig. 4. Discontinuous cubic phases have been
reported to be located between the micellar phase (L1) and
hexagonal phase (H1).
9,11–13,16,38,39 The I1 present in the
C16mimAcr/water system could be properly indexed as a Pm3n
lattice with up to 13 identified reflection peaks. The Pm3n space
Fig. 4 SAXS integrated patterns of the C16mimAcr as a function of water content as well as the schematic representation of the phase present. Blue
sphere represents the imidazolium ring, anion and the water molecules, while black line represents the alkyl chain. For the discontinuous cubic phase (I1)
only one face of the cubic unit cell is represented for clarity. The symbol ‘‘+’’ indicates the coexistence of two phases. While ‘‘or’’ implies one phase or the
other.
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group consists of two spherical and six disc-shaped micelles per
unit as proposed by Charvolin and Sadoc9,13,17,40,41 The unit
cell parameter, a, for the I1 phase is determined to be equal to
117 Å for the sample containing 65 wt% water.
Past the I1 phase, the formation of a micellar phase (L1) is
observed as suggested by the appearance of an inter-micelle
interference peak centred at q = B0.11 Å1. This indicates the
correlation lengths of pair distribution function of micelles,
xc = 57 Å (i.e. q = 2p/xc).
20,26
All the peak assignments as well as the lattice parameter, a,
for the C16mimAcr/water system are listed in ESI.†
Again, the physical state of the C16mimAcr system as a
function of water was assessed by WAXS. The WAXS profiles
of the C16mimAcr at 20 1C containing 4.9 wt% water to 30 wt%
are shown in Fig. 5a. For the sample containing 4.9 wt% water,
it is a highly ordered crystal (or perhaps two highly ordered
crystals) as suggested by the WAXS data (Fig. 5a).10,26,37 For the
C16mimAcr system the highly ordered arrangement is present
up to 10 wt% water. At 20 to 30 wt% water, the WAXS profiles
still show some reflection peaks, which can be indexed as part
of the lamellar phase remaining. However the peak centred at
q = B1.39 Å1 corresponds to the carbon–carbon packing
information in the alkyl chains, giving a repeat distance
d =B4.5 Å.10,26,37 This carbon–carbon packing could be attrib-
uted to the lamellar phase as suggested by the disappearance of
this peak when the hexagonal phase is only present (i.e. 50 wt%
water), as be seen in Fig. 5b.
Around 40–65 wt%, the presence of a more diffuse peak
centred at q = B1.4 Å1 is observed, corresponding to a looser
packing of the alkyl chains.10,26,37 This peak progressively
vanishes beyond 70 wt% water, which is consistent with the
decline of the intermicelle interference peak in the SAXS region.
Polarized optical microscopy has been used as a comple-
mentary technique to identify the mesophases present in the
C16mimAcr/water system. Fig. 6 shows the POM images of the
C16mimAcr at 20 wt% (a), 40 wt% (b) and 60 wt% (c) at room
temperature. As can be seen in Fig. 6a, a characteristic texture
of a lamellar phase is observed for the sample containing
20 wt% water.19,21,22,42,43 The optical texture of the C16mimAcr
at 40 wt% water (Fig. 6b) is distinctive of a hexagonal phase
(H1).
14,21,22,42,43 The POM image of the sample with 60 wt%
water (Fig. 6c) shows no birefringence, consistent with the
formation of a discontinuous cubic phase (I1) as suggested by
the SAXS data.9
Comparison between C16mimCl/water and C16mimAcr/
water system. From the SAXS and WAXS data taken at 20 1C,
Fig. 5 WAXS integrated patterns of the C16mimAcr as a function of water content: , , , wt% water (a) , , , , , and 80 wt% water (b).
Fig. 6 POM images of C16mimAcr at 20 wt% water (a), 40 wt% water (b) and 60 wt% water (c) at room temperature.
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the C16mimAcr/water system shows a more complex phase
behaviour compared to the chloride system. At low water
content (i.e. below 20 wt% water), the crystal packing arrange-
ment of the C16mimCl is less disrupted by water addition
compared to the C16mimAcr, as suggested by the WAXS data,
which showed the existence of a highly ordered well packed
crystal being maintained up to water concentrations of 20 wt%
for the C16mimCl. On the other hand, the crystal packing
arrangement was maintained in the acrylate system up to a
water content of 10 wt%. These results are consistent with the
DSC observations that show that the shift to higher tempera-
ture of the crystal-mesophase transition is more pronounced
for the C16mimCl compared to the C16mimAcr. This is likely
due to the diﬀerences in the geometry of the two anions i.e. the
bulky shape of the acrylate anion. In addition to the diﬀerences
in anion geometry, the binding between the anion and the
water is also diﬀerent with the water weakly binding with the
chloride compared to acrylate.44 Previous studies have shown
that water molecules are favourable to form hydrogen bond
with the proton of the imidazolium ring (i.e. proton H2, located
Fig. 7 Phase diagram of the C16mimCl (a) and the C16mimAcr (b) as a function of water content at 20 1C established from the SAXS and WAXS data. Blue
sphere represents the imidazolium ring, anion and the water molecules, while black line represents the alkyl chain. For the discontinuous cubic phase (I1)
only one face of the cubic unit cell is represented for clarity. The symbol ‘‘+’’ indicates the coexistence of two phases. While ‘‘or’’ implies one phase or the
other.
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between the two nitrogen atom) as well as with the anion and
therefore breaks up the imidazolium ring–anion hydrogen
bond and the ring–ring assembly.45–48
Fig. 7 shows the phase diagrams as a function of water
content for the two ionic liquids systems. As the water content
increases, the C16mimCl system undergoes the following phase
transitions, lamellar gel (La) phase to a micellar phase (L1).
While the C16mimAcr system experiences a more complex
phase transition behaviour, going from a lamellar gel phase
(La), followed by the formation of a Hexagonal phase (H1), then
of a discontinuous cubic phase (I1) and finally of a micellar
phase (L1). It is well known that the counterion plays an
important role in the self-assembly of a cationic surfactant
structures, since changing the binding properties of the couter-
ion impacts the eﬀective head group area.44 The appearance of
the hexagonal (H1) and discontinuous cubic phase (I1) for
the acrylate system again highlights how the diﬀerent anion
geometries impact the systems structure and how the water
molecules are intercalated in the system. Again, the binding
between the anion and the water is also diﬀerent with the water
weakly binding with the chloride compared to acrylate leading
to a increase of the head group area due to the intercalation of
water molecules between the imidazolium ring and the
anion.44–46,49 These results are consistent with the greater
temperature shift observed for the Lamellargel–micellar transi-
tion as measured by DSC for the acrylate system compared to
the chloride system, indicating a better hydration of the system.
Conclusions
The phase behaviour of a novel polymerizable lyotropic ionic
liquid crystal, C16mimAcr, as a function of water has been
investigated and compared to the chloride analogue, C16mimCl.
The C16mimAcr system exhibits a more complex phase beha-
viour at 20 1C compared to the C16mimCl, with the formation of
a lamellar phase (La), a hexagonal phase (H1) and a discontin-
uous cubic phase (I1). On the other hand only the formation of a
lamellar phase is observed for the C16mimCl. The diﬀerences
observed here for the two systems is likely due to the strong
hydrating nature of the acrylate anion, which by increasing the
head group area favours the formation of the additional lyotro-
pic liquid crystalline mesophases. The polymerization facet of
the C16mimAcr system together with the additional formation of
hexagonal phase (H1) and discontinuous cubic phase (I1) oﬀers
great potential in the conception of advanced nanostructured
polymer with specific transport properties. Future work will
investigate the UV-polymerizable properties of this system as
well as the impact of crosslinking agent on mesophase present
pre and post polymerization.
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The addition of diluents to ionic liquids (ILs) has recently been shown to enhance the transport properties of ILs. In the
context of electrolyte design, this enhancement allows the realisation of IL-based electrolytes for metal–air batteries and
other storage devices. It is likely that diluent addition not only impacts the viscosity of the IL, but also the ion–ion
interactions and structure. Here, we investigate the nano-structured 1-methyl-3-octylimidazolium chloride (OMImCl)
with varying water concentrations in the presence of two metal salts, zinc chloride and magnesium chloride. We find that
the choice of metal salt has a significant impact on the structure and transport properties of the system; this is explained by
the water structuring and destructing properties of the metal salt.
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Introduction
The development of metal–air batteries is gaining momentum
for applications in next-generation electronics and energy
storage devices.[1–4] This is driven largely by the remarkably
high theoretical energy output that can be achieved.[2,5] A major
challenge in the development of metal–air batteries is the
electrolyte. Recently, ionic liquids (ILs) have been investigated
as possible electrolyte materials,[6] however, the conductivity of
IL electrolytes remains a major drawback. To address this issue,
the addition of diluents, including water, has been investiga-
ted.[7,8] It has been shown that the addition of water to trihexyl
(tetradecyl)phosphonium chloride, [P6,6,6,14][Cl], is extremely
beneficial in reducing the viscosity, increasing the conductivity,
and enhancing the discharge performance of a studied magne-
sium anode.[8] It has been shown that the presence of water, even
minor traces, can have an impact on the structural organisation
or themolecular arrangement of ILs, which subsequently affects
the physical properties of the system.[9–11] The interaction of
water with ILs depends greatly on the nature and association of
anion and cation of the IL. While it is generally accepted that at
low water concentrations water interacts preferentially with the
anion, the extent of that interaction can be IL dependent. Wu
et al. investigated intermolecular interactions in 1-butyl-3-
methylimidazolium tetrafluoroborate (BMImBF4) and 1-ally-3-
methylimidazoliun chloride (AMImCl)–water mixtures using
near-infrared spectroscopy.[9] The authors showed that in the
case of the BF4-based IL, water interacted almost exclusively
with the anion, whereas in the chloride-based IL, interactions
with both the chloride anion and the imidazolium cation were
observed. The water interacted preferentially with the C2 proton
on the imidazole ring; the C2 proton is known to be the most
acidic proton in the ring.[9,12] As such, depending on the nature
of the interaction of the IL with the water, the supramolecular
structure of the IL can be either enhanced or destroyed upon
addition of water.[9,13,14] Furthermore, it has been shown that for
a class of imidazolium-based ILs typically with the chloride
anion and a sufficiently long alkyl chain length (usually eight
and above), the formation of a liquid crystalline phase is
likely.[12,15–20] We recently demonstrated that 1-methyl-3-
octylimidazolium chloride exhibits a liquid crystalline phase,
with water content of 69–82mol-%.[20] Here, we aim to inves-
tigate what role the addition of a metal salt may have on how the
water is structured. We have investigated the impact of two
different metal salts, MgCl2 and ZnCl2, that were selected
because they have different water structuring and water
destructuring properties[21,22] as well as being relevant tometal–
air devices.
Experimental
Synthesis of 1-Methyl-3-octylimidazolium Chloride
1-Methyl-3-octylimidazolium chloride (OMImCl) was synthe-
sised according to the following procedure. In a 250-mL round-
bottom flask with a magnetic stirrer and a water-cooling system,
1-methylimidazole (35.57 g, 0.433mol) and 1-chlorooctane
(70.86 g, 0.476 mol) were added. The mixture was stirred at
808C for 72 h under a nitrogen atmosphere and subsequently
washed three times with 80mL of ethyl acetate and dried under
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high vacuum for 4 h at 808C. Water was added to OMImCl for
the washing step to decrease the viscosity, thereby affording
more efficient mixing.
dH (CDCl3, 500MHz) 10.17 (1H, s), 7.51 (1H, s), 7.27
(1H, s), 3.97 (2H, t), 3.78 (3H, s), 1.56 (2H, m), 0.92
(10H, m), 0.49 (3H, t).
Materials Methodology
The ionic liquid, 1-methyl-3-octylimidazolium chloride
(OMImCl) was dried under high vacuum for 2 h at 808C before
all sample preparation. Milli-Q water was added to OMImCl at
the following concentrations: 0, 6, 11.5, 20.8, 28.40, 34.8, 40.3,
45, and 69.35mol-%. Both zinc chloride and magnesium chlo-
ride were dried in the oven at 1208C for 2 h and added at the
following concentrations: 0.1, 0.25, and 0.5mol kg1. Salt
addition was performed in a nitrogen dry box.
Characterisation
Chemical Shift NMR
1HNMR chemical shift measurements were performed using
a Bruker Ultrashield 500MHz NMR spectrometer. All samples
were introduced into a 5-mm OD NMR. An inner capillary,
containingCDCl3with 1%TMSacted as the reference and lock.
All measurements were performed at 295K.
Pulsed Field Gradient (pfg) Diffusion NMR
1H pfg NMR diffusion measurements were performed on a
Bruker Ultrafield 300MHz NMR spectrometer using the pulsed
field gradient stimulated echo (PGSte) sequence. A 90-degree
pulse, P1, of 12 ms was employed. The gradient, G, was varied
between 500 and 2000G cm1 with 24 experiments consisting
of 24 scans at each gradient step. The interval between the two
gradient pulses, D, was 40ms. The diffusion coefficients were
calculated according to the following equation:
lnðI=Ig¼oÞ ¼ D  ð2  p  g  g  dÞ2  ðD d=3Þ  1e4
where I is the spin-echo signal intensity, g is the gyromagnetic
ratio, d is the duration of the field gradient, which was in the
range of 1–2ms.
Fourier Transform Infrared (FT-IR) Spectroscopy
All infrared spectra (64 scans; 4 cm1 resolution) were
collected using a Bruker Alpha Platinium FT-IR spectrometer.
Raman Spectroscopy
Raman spectra were measured at 258C on a Raman spec-
trometer equipped with a near-IR (infrared) diode laser. An
excitation line of 785 nm was used for the measurement.
Density Functional Theory (DFT) Calculations
As an approximation to the experimental system, the com-
plex betweenOMIm cation and theMeCl3 unit (Me¼Zn orMg)
was modelled within a micro-solvated environment of six water
molecules. To explore likely arrangements of the OMIm and
MeCl3 unit, we first investigated the non-solvated system,
generating over a dozen of different candidate minima via
geometry optimisation at the PBE0/6–31G*[23] level of theory,
probing different initial configurations of the OMIm ring and
the MeCl3 unit, including coordination of the metal ion with the
chloride ions (single, double, and triple coordinated). Of these
resulting structures, 10 structures that were lowest in energy
were selected for further investigation. To each of these 10
structures, we added six water molecules in different arrange-
ments, and re-optimised the geometry in each case at the same
level of theory. The Gaussian09[24] software package was used,
with analytic derivatives used throughout the geometry optimi-
sations. Vibrational frequencies were calculated for each struc-
ture to ensure true minima identification. A selection of
configurations were chosen for single-point energy calculations
at theMP2/aug-cc-pVDZ level of theory; the energy differences
resulting from these calculations showed good agreement, as
that demonstrated for more simple systems.[25]
Results and Discussion
Intermolecular Interactions in the OMImCl/H2O Systems
The 1H chemical shift data for the OMIm cation at varying water
concentrations are shown in Fig. 1. For simplicity, the chemical
shift of the C2 proton is chosen as a representative of the ring and
the C12 proton as a representative for the alkyl chain. It can be
seen that the addition of water, from 0 to 96.7mol-%, results in a
1.72 ppm shift to lower ppm for the C2 proton, whereas the C3
and C4 ring protons displayed a shift of 0.76 ppm and 0.69 ppm,
respectively. The largest chemical shift observed for the C2
proton is consistent with previous reports[9,19] and is likely due
to the acidic nature of the C2 proton resulting in an increased
interaction with the water molecules.[10] In contrast to the ring
protons, the chemical shift of the alkyl chain protons is not
impacted by the addition of water; no chemical shift was mea-
sured for the C12 proton, Fig. 1.
The chemical shift for the water peak, also shown in Fig. 1
and further highlighted in the inset, shows interesting beha-
viours across the concentration region. It can be seen that at low
water concentrations (,70mol-% and before liquid crystalline
formation), the chemical shift of the water proton decreases by
0.20 ppm to lower ppm. This is in agreement with previous
experimental reports and molecular dynamics simulations that
indicates an increase in water–anion interactions.[9,13,26]
The chemical shift for the water peak is at its lowest ppm,
4.37 ppm relative to TMS, in the liquid crystalline phase.
Interestingly, water additions beyond the liquid crystalline
phase result in the water peak shifting to higher ppm; a shift
of 0.27 ppm was measured. The shift to higher ppm at water
concentrations beyond 84mol-% is likely due to increased
water–water interactions as the number of water–anion interac-
tions possible is now saturated.[9,13] It has been also reported that
at high water concentrations, a water percolation cluster is
present in these imidazolium ILs.[27,28]
Effect of Zn21 and Mg21 Ions on the OMImCl/H2O System
The addition of metal ions to this system is expected to change
the nature of the interaction between thewatermolecules and the
IL cation and/or anion. An insight into the type of likely struc-
tures and coordination environments for the Zn2þ and Mg2þ
cations can be obtained from theoretical calculations. DFT
calculations indicated a profound difference in the energy
landscape that governs the behaviour of these two systems.
For the ZnCl2 case, we found several different structures,
incorporating either a single- or triple-coordinated metal centre
(Fig. 2a, b), where in the former case, the two remaining Cl
ions were loosely complexed via water molecules to the ring.
The energies of three such structures were found within kBT
(Boltzmann constant) at room temperature, even allowing for
Transport Properties of Water/OMImCl System with Metal Salts 421
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uncertainties in the DFT calculations. This indicates that all
three structures should be thermally accessible. In contrast, the
favoured structure for the MgCl2 case involves a doubly coor-
dinated metal centre (Fig. 2c). In energetic terms, the difference
between this structure and alternative structures is too great to
render other structures thermally accessible (,5 kBT and
greater). Taken together, these data suggest that within the
approximations imposed by our micro-solvated model, the
ZnCl2 system is favoured entropically, with a predicted greater
Cl lability (in terms of number of thermally accessible states),
when compared with the MgCl2 case. Thus, we explore the
OMIm and H2O environments using NMR techniques, as
described for the OMImCl/H2O systems.
Fig. 3a presents the 1H chemical shift data for the OMIm
cation with addition of varying salt (ZnCl2 and MgCl2) con-
centrations at a fixed water content of 45mol-% (before the
formation of the liquid crystalline phase). No shifts for either the
ring or the alkyl chain protons were measured as a function of
MgCl2 concentration, whereas a small shift of 0.25 ppm to lower
ppm was seen for the ring protons as a function of ZnCl2
concentration (0–0.5mol kg1). This suggests that a stronger
interaction between the Zn2þ ions and IL is present when
compared with that in the Mg2þ case. This proposed difference
in interaction strengths is supported by our DFT calculations.
The lowest energy structures in each case (Fig. 2b, c) yielded
Zn2þ–ring distances of 5.1, 4.1, and 4.5 A˚ for N1, C2, and N3,
respectively. In contrast, the corresponding Mg2þ–ring dis-
tances are greater, at 5.7, 5.0, and 5.2 A˚, respectively.
The chemical shift of the water peak was also measured as a
function of salt addition, shown in Fig. 3b, from 0 to 0.5mol
kg1. The chemical shift of the water peak shows a different
trend for the two salts investigated here. In the presence of Zn2þ
ions, a small decrease in chemical shift of 0.15 ppm is measured
for the water proton, whereas an increase of 0.93 ppm is
observed with the addition of MgCl2. These differences
observed in the chemical shift of water suggest the presence
of stronger water–Mg2þ ion interactions in contrast to water–
Zn2þ interactions, and this is consistent with the coordination
ability of these two divalent ions.[29] Due to an ionic radius of
0.74 A˚, the divalent Zn2þ ion can be considered as both a hard
and a soft cation, and therefore can be coordinatedwith nitrogen,
oxygen, and halogen atoms, thus likely explaining the slight
shift seen in the ring protons with ZnCl2 addition. It is probable
that the Zn2þ ions preferentially interact with the Cl anion to
form species such as ZnCl4.
[21,22] In contrast, divalent Mg2þ
(i.e. ionic radius¼ 0.65 A˚) is a hard cation, and therefore prefers
(a) (b) (c)
Fig. 2. Examples of the most energetically favourable structures of the micro-solvated complex between OMImþ, Me2þ
(Me¼Zn, Mg), three Cl, and six water molecules obtained from DFT calculations: (a) ZnCl2 system, single-coordinated with
Cl, (b) ZnCl2 system, triple-coordinated with Cl
, and (c) MgCl2 system, double-coordinated with Cl
.
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to be coordinated with oxygen, suggesting that formation of an
Mg(H2O)x
2þ species is more likely.[29] This is supported by
DFT calculations and our findings that suggest a clear difference
in the coordination preferences of the twometal ions. The lowest
energy structure for the ZnCl2 case (Fig. 2b) featured close
co-ordination of only two water molecules, whereas for the
MgCl2 case (Fig. 2c), a four-coordinate configuration is favoured.
To determine the influence of these interactions on the
transport properties of the IL/water system, we used 1H pfg-
NMR to measure the diffusion of the IL and the water as a
function of water concentration (mol-%) and salt at a fixedwater
content of 45mol-%. As can be seen in Fig. 4a, the diffusivity of
the system, both for the IL cation and the water molecule,
increases with increasing water concentration. Interestingly
upon addition of MgCl2, the diffusivity of these species
decreased dramatically, further supporting the presence of
strong water–MgCl2 interactions, hypothesised from the chemi-
cal shift data and the DFT calculations. The behaviour of the
OMImCl/water system with MgCl2 addition is in contrast to
previous work done by our group, investigating the impact of
metal salts on the water saturated [P6,6,6,14][Cl].
[8] For the
[P6,6,6,14][Cl], no difference in the diffusivity of the IL/water
system was measured with MgCl2 addition. To understand the
role of the IL cation in interacting with metal salts, wemeasured
the diffusivity of the shorter chain BMImCl with 0.1mol kg1
MgCl2 at 45mol-% water and found a similar trend to the
OMImCl, that is, a reduction in the diffusion of the cation in
the presence of MgCl2. This suggests that the inherent stacking
organisation of these imidazolium-based ILs[30,31] and how the
Mg interacts with the ring and/or anion account for the differ-
ences observed between the two different classes of ILs.
The diffusivity trend measured with the addition of ZnCl2 to
the OMImCl/water system is different to that measured with the
addition of MgCl2. The diffusivity values of both the water and
the OMIm cation are only slightly reduced with ZnCl2 addition,
with the lowest diffusivity measured for the system at 0.1mol
kg1 of ZnCl2. Fig. 4c shows the diffusivity values of both the
water and the OMIm cation as a function of ZnCl2 at water
concentrations of 28, 40, and 45mol-%. Again at all water
concentrations and across all ZnCl2 concentrations, the diffu-
sivity values of the water and OMIm cation remain the same. As
the water content increased, the diffusivity also increased,
further supporting the hypothesis that weak water–Zn2þ inter-
actions exist in this system. This was further supported by the
absence of any liquid crystalline phase formation in the presence
of ZnCl2.
To characterise the metal salt complexes that may be present
in theOMImCl/water system,we have used a combination of FT-
IR and Raman spectroscopies. Fig. 5a shows the Raman spectra
of OMImCl at 45mol-% water (black line), OMImCl at
45mol-% water with 0.5mol kg1 ZnCl2 (blue line), and
OMImCl at 45mol-% water with 0.5mol kg1 MgCl2 (red line).
An additional peak at 274 cm1 is observed for the ZnCl2 system,
characteristic of the complex ZnCl4
2 ion.[32,33] The presence of
ZnCl4
2 ions has previously been shown to have a structure-
breaking effect on water by disrupting the hydrogen bond
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network.[21,22] The presence of this complexmay also explain the
1H chemical shift and 1H pfg-NMR data with reduced hydrogen
bonding, leading to a reduced degree of deshielded 1H resonance.
No significant difference in the vibrational spectrum upon addi-
tion of MgCl2 was observed. Fig. 5b shows the FT-IR spectra of
OMImCl at 45mol-% water (black line), OMImCl at 45mol-%
water with 0.5mol kg1 ZnCl2 (blue line), and OMImCl at
45mol-% water with 0.5mol kg1 MgCl2 (red line). For both
systems, OMImCl at 45mol-%water without salt andwith ZnCl2
(0.5mol kg1), a characteristic O–H absorption band is observed
at 3382 cm1, due to the presence of water. For the MgCl2
system, a shift of the O–H stretching band to 3347 cm1 is
observed, as consistent with the formation of a hydrated magne-
sium chloride complex.[34,35]
Conclusion
We have assessed the influence of ZnCl2 andMgCl2 addition on
the nano-structured OMImCl system at varying water con-
centrations. The addition of water to this system is known to
enhance the supramolecular structure resulting in a more
ordered system. We showed that the addition of the metal salt
could either disrupt or enhance the supramolecular structure of
the IL that was most likely due to the interactions of the metal
salt with water. For example, in the ZnCl2 case, we observed a
destructing effect explained by the presence ZnCl4
2 that
destroyed the p stacking of the imidazolium-based ILs. This
directly influenced the transport properties; no reduction in
diffusivity was measured in the presence of ZnCl2. In contrast,
a dramatic decrease in the diffusivity of both the water and the
OMIm cation resulted with the addition of MgCl2. This has
important implications for the use of ILs in metal–air batteries.
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Inducing alignment of cyclic peptide nanotubes
through the use of structured ionic liquids†
Nolene Byrne,*a Donna Menzies,a Nicolas Goujona and Maria Forsythb
We describe a convenient route to the alignment of cyclic peptide
nanotubes (CPNs). The key lies in the use of nanostructured ionic
liquids. An ionic liquid supported membrane with orientated
domains is demonstrated, leading to aligned CPNs within a solid
membrane.
The design of membranes with discrete tunable ion channels
remains a fundamental challenge for the membrane technol-
ogist. Nature, on the other hand eﬀectively employs ion
channel membranes to selectively transport target ions.1,2
Indeed, our own bodies use ion channel membranes in the
transport of essential nutrients.3 The ion channels generally
consist of pore forming proteins, which orientate themselves
within a lipid bilayer. Recently, cyclic peptides consisting of
an even number of alternating D/L amino acids have been
shown to stack together to form a tubular ensemble.4,5 Mole-
cular dynamics shows that these cyclic peptide nanotubes,
CPNs, will align perpendicular to the bilayer structure6
and can be used to transport ions.7 Selectively can be achieved
by changing the diameter of the cyclic peptide, this is achieved
by changing the number of amino acids within the ring.4,8
Studies by Ghadiri et al.9,10 have shown that indeed these CPNs
can transport ions or molecules. The transport of diﬀerent
sized molecules, using diﬀerent ring diameters, has been
achieved. However, these studies used liposomal solutions with
transport occurring across the lipid bilayer from within the
‘‘molecule rich’’ vesicle.10 Whilst this work has validated the
ability to use CPNs to selectively transport target ions or
molecules, in the context of membrane design and achieving
directional uniaxial alignment, liposome solutions are not a
viable support solvent. Therefore, there is a need to use alter-
native techniques to align CPNs towards creating ion selective
membranes.
In this communication, we use the nanostructured ionic
liquid, 1-octyl-3-methylimidazolium chloride, OMImCI to align
the cyclic peptide nanotubes. Ionic liquids, ILs, are known as
designer solvents capable of being tailored to meet the require-
ments of a vast range of applications.11,12 More importantly
some ILs, in particular the long chain imidazolium based ILs,
have been shown to have a liquid state organized nanostructure
which resembles a bilayer.13,14 The structure of the IL can be
altered or induced by the use of additives. Previously, the
addition of B5 wt% water to 1-decyl-3-methylimidazolium
bromide was found to induce a gel which exhibited liquid
crystalline properties.15 We found similar behavior for the
shorter OMImCI with the addition of water. Fig. 1a shows the
polarized optical images of OMImCI + 15 wt% H2O at 35 1C; at
this temperature the sample is an optically isotropic liquid.
On cooling back to room temperature the sample converts from
a free flowing liquid to a gel. Polarized optical images show
the evolution of the liquid crystalline gel where, in this case,
we are able to promote ordering from the IL/air interface.
We presume that interaction with water from the atmosphere
at this interface is contributing to this growth direction.
Fig. 1 POM images of OMImCI + 15 wt% H2O at (a) 35 1C, (b) 22.7 1C, (c) 22.5 1C
and (d) 22.1 1C scale 10.
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Fig. 1b–d demonstrates the growth of the liquid crystalline
phase from the IL/air interface as the temperature decreases.
Having established the presence of order in this shorter
chain imidazolium chloride with water (ESI,† Fig. S1, FTIR
spectrum show no diﬀerence in the optically isotropic sample
when compared with the liquid crystalline gel, suggesting order
remains in the liquid state) we sort to see if we could use this
hydrated IL system to align the CPNs. The CPNs used is
this study where comprised of cyclo[(L-Gln-D-Ala-L-Lys-D-Ala)2].
This sequence was selected as it self assembles into an anti-
parallel b-sheet like cylindrical structure.16 To confirm the
peptides have self assembled into antiparallel b-sheet like
cylindrical structures we examined the cyclic peptides using
cryo – TEM and FTIR. Fig. 2a shows the cryo TEM image of the
self assembled CPNs where tube like structures can be seen.
FTIR was used to examine the amide I and amide II regions of
the CPNs. Peaks at 1620 cm1 and 1540 cm1 are known to
indicate antiparallel b sheet formation. Fig. 2b shows the amide I
and amide II of the CPNs, it can be seen that the CPNs have the
expected antiparallel b sheet structure.
To visualize the orientation of the CPN within the IL we used
the dye thioflavin T (ThT). ThT is well known to fluoresce when
bound to self assembled peptides exhibiting a b-sheet structure
and thus ThT fluorescence is a commonly used assay for
measuring the kinetics of b-sheet formation in peptides.17,18
Fig. 3a shows the confocal image of the CPNs self assembled in
water. It can be seen that un-orientated bundles of CPN exist in
the water solution. In contrast, when we add the cyclic peptide
monomers into the OMImCI + 15 wt% H2O system the cyclic
peptides self assemble and align. Fig. 3b shows the confocal
image of CPNs in the nanostructured IL, OMImCI + 15 wt%
H2O at a CP concentration of 4 mg ml
1. The rows of green
represent the CPNs and it can clearly be seen that directional
alignment is achieved. We have achieved the directional align-
ment by heating the sample into the isotropic liquid state then
cooling, such that, the liquid crystalline phase grows inwards
from the IL/air interface, similar to what was described above
(ESI,† Fig. 2a shows alignment at the interface). As shown in
Fig. 1d the liquid crystalline order of this hydrated IL system
adopts a fan like structure, by overlaying the phase image and
the fluorescence image, Fig. 3c, we observe that the CPNs are
aligned within these fanned domains. The observed ‘‘fan like’’
structure generally represents a hexagonal mesophase contain-
ing densely packed cylindrical micelles, the arrangement of the
hexagonal domains appears to be responsible for inducing the
CPN alignment. To ensure the ThT is binding only to the
assembled CPNs we examined the OMImCI + 15 wt% H2O in
the absence of cyclic peptide, no fluorescence is observed, as
shown in Fig. 3d. The liquid crystalline gel however is still
present as shown by the phase diagram on the insert. This
supports our claim that the ThT dye is bound only to the
b-sheet forming CPNs.
To determine if indeed an ionic liquid with an organized
structure was required we added the cyclic peptide monomer
to the shorter chain 1-butyl-3-methylimidazolium chloride,
BMImCI + 15 wt% H2O and, while self assemble did occur
alignment did not. The CPNs failed to suspend within the
hydrated BMImCI solution, instead they settled to the bottom
of the vial and when examined using confocal microscope only
randomly orientated bundles of CPNs could be observed,
similar to the water case (ESI,† Fig. S3). Attempts were also made
to align pre assembled CPNs within the OMImCI + 15 wt% H2O,
however we found that this did disrupt the liquid crystalline
formation and no alignment was achieved under the conditions
investigated here.
We subsequently attempted to create a self standingmembrane
with ordered domains. To achieve this, we swelled nano-
structured, woven PVDF membrane with the OMImCI + 15 wt%
H2O containing 4 mg of cyclic peptide. Supported ionic liquid
membranes, SILMs, are promising materials for membrane
design and in particular ionic liquid swelled PVDF membranes
have been shown to be advantageous for CO2 capture.
19,20
A robust flexible membrane was created. Fig. 4a shows an
image of this membrane held between tweezers. In order to
Fig. 2 (a) Cryo TEM of cyclo[(L-Gln-D-Ala-L-Lys-D-Ala)2] self assembled into nanotubes
(b) FTIR spectrum of self assemble CPN, in the amide I and II region confirming b-sheet
structure. Scale 1 mm.
Fig. 3 Confocal images of (a) 4 mg CPN in pH 7 solution showing random
orientation of the CPNs, (b) 4 mg CPN OMImCI + 15 wt% H2O, clear alignment of
the CPN is observed, (c) overlay of the phase diagram which shows the previous
observed fan like order in the liquid crystalline and how this structure is related to
the CPN alignment and (d) OMImCI + 15 wt% H2O only with ThT dye showing
that, in the absence of the cyclic peptide no fluorescence is observed. Insert
confirms that the OMImCI + 15 wt% H2O is in the liquid crystalline phases and
that the ThT does not bind to the IL.
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investigate if the liquid crystalline properties of the OMImCI +
15 wt% water systems would be maintained in the self sup-
ported membrane configuration we examined the membrane
using polarized optical microscope. Fig. 4b confirms that the
liquid crystalline order of this hydrated IL is maintained in
the SILM configuration. Fig. 4c shows the confocal image of the
SILMs where the aligned nanotubes can be observed. This
image suggests that, within the ‘‘ionic liquid regions’’ of the
membranes, the CPNs align much like it did in the IL–water
system shown above in Fig. 3.
In summary, we have shown that nanostructured ionic
liquids can be used to induce alignment of cyclic peptide
nanotubes. The peptide aligns itself within the structured
domains of the ionic liquid crystalline gel. We were able to
create a supported ionic liquid membrane, while still main-
taining the liquid crystalline order of the OMImCI + 15 wt%
containing 4 mg CPN. This resulted in a membrane with
ordered domains containing ion channels. These membranes
have potential as selective ion transport membranes for both
separation and battery technologies as well as biosensors and
other electronic devices. Future work will be aimed at under-
standing CPN alignment and ion transport in these supported
ionic liquid membranes.
This work was supported through the ARC Australian Laureate
Fellowship scheme. NB acknowledges support through ARC
Discovery grant DP1094583.
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